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                                                            Abstract 
 
It is believed that when air saturated jet fuels are subjected to high temperatures, two 
major fuel decomposition processes occur; thermal oxidation (autoxidation) and 
pyrolysis. Thermal oxidative degradation occurs when the fuel reacts with the dissolved 
oxygen present in the fuel and usually starts at temperatures above 120 ºC. The 
deposition process usually occurs from 200-300 ºC with deposits stopping after the 
consumption of the oxygen at about 300 °C. With increasing temperatures (~ 450 ºC) 
the fuel begins to decompose thermally and form pyrolytic deposits. 
 
It is believed that the autoxidation of jet fuel involves a peroxyl radical chain 
mechanism. Therefore, an oxygen scavenging additive (Sc) might be designed to react 
with oxygen to form an innocuous product (ScO). Electron rich molecules that have low 
oxidation potentials, such as phosphines, should be amenable to oxygen scavenging 
functions. 
 
Phosphine oxygenation at high temperatures indicates there are two concurrent reactions: 
a non-radical reaction and a radical chain reaction. The radical chain reaction can be 
inhibited by a phenolic antioxidant. The oxidation products are phosphine oxide and 
phosphinate with phosphine oxide being the major product. The distribution of these 
two products is effected by the phosphine concentration. All these experimental results 
support the existence of a five coordinate phosphadioxirane being the intermediate for 
the phosphine oxygenation. 
 
 
 5 
Phosphine oxygenation at high temperatures has been proposed to occur via an electron 
transfer initiated oxygenation (ETIO). The reaction has a relatively low activation 
energy (~ 21 kcal/mol), which suggests a partial electron transfer is involved in the 
initiation step for the ETIO reaction. The activation parameters for different reaction 
systems are consistent with this revised ETIO mechanism.  
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Part I 
On the Mechanisms of Formation of Thermal Oxidative Deposits in Jet Fuels.  
Are Unified Mechanisms Possible for both Storage and Thermal Oxidative Deposit 
Formation for Middle Distillate Fuels? 
 
Introduction 
Phenols have been implicated as deposit precursors in middle distillates. Both Bahn et 
al.1 and Hazlett and Power2 have implicated indigenous phenols in the storage instability 
of marine diesel and light cycle oil, respectively. Zabarnick et al.3 have shown that 
conversion of a jet fuel’s indigenous phenols to silyl ethers markedly decreases thermal 
oxidative deposit formation.  Surprisingly, even commercial phenolic antioxidants have 
been shown to promote thermal oxidative deposits in both jet4 and diesel fuels.5 
 
Other types of molecules have also been implicated in both storage and thermal 
instability in middle distillates. Hazlett6 has pointed out that thermal oxidative deposits 
in jet fuels typically are high in oxygen, nitrogen and sulfur content; this is consistent 
with some of the fuels heteroatom containing molecules being deposit promoters. Pedley 
and coworkers7 have implicated both phenalenones and indoles as deposit precursors 
during storage of diesel fuels. Bacha and Lesnini8 have suggested that premature fuel 
filter plugging was experienced with some California low sulfur diesels (i.e. <500 ppm 
S) in the 1990’s, and were due to formation of nitrogen rich fuel deposits; deposit 
formation was proposed to be promoted by thermal decomposition of 2-ethylhexyl 
nitrate added as an ignition improver. 
 
All of these observations suggest that various indigenous heteroatom containing 
molecules are oxidative deposit promoters across the spectrum of middle distillate fuels. 
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On the mechanism of thermal oxidative deposit formation in jet fuels: In 1991 
Hazlett6 published a seminal book which reviewed years of research directed towards 
understanding the formation of thermal oxidative deposits in aviation turbine fuels. The 
processes involved are summarized in Figure 1. After the publication of Hazlett’s book, 
Hardy et al.,9 Heneghan et al.,10 and  Jones et al.11 noted an inverse relationship between 
the temperature at which a fuel absorbs oxygen and the amount of thermal oxidative 
deposit. Fuels that absorb dissolved oxygen at lower temperatures, such as highly 
hydrotreated fuels, tend to form smaller amounts of deposit. Fuels that absorb dissolved 
oxygen at higher temperatures tend to form larger amounts of deposit (but not always).9  
Heneghan and Zabarnick 12  insightfully proposed that this inverse relationship is 
consistent with a peroxyl radical chain mechanism for fuel oxidative degradation. In this 
mechanism oxidation is focused on the  indigenous antioxidants (i.e. phenols, aryl 
amines, and thiols) in the fuel.  Since such molecules contain weak O-H, N-H, and S-H 
bonds, they are prone to hydrogen atom abstraction by peroxyl radicals.13   The oxidized 
indigenous antioxidants then react with molecular oxygen and, as described in Figure 1, 
ultimately form oxidative deposits within the engine. 
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                    GROSS CHEMICAL PROCESSES 
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                                           GROSS PHYSICAL PROCESSES 
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MICROSPHERICAL 
PARTICALS 500 TO 3000 
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(TYPICALLY 1000 A IN SIZE) 
 
 
 
 
 
 
  Figure 1. Chemical and physical processes in thermal stability deposition. (From Ref. 1) 
  
 
On the mechanism of ambient diesel oxidative deposit formation: A fundamental 
breakthrough in understanding the mechanisms of oxidative deposit formation in middle 
distillates was provided by Hardy and Wechter. 14  These authors suggest that the 
mechanism of diesel oxidative deposit formation, upon ambient storage, involves a rapid 
autoxidation of material typically derived from light cycle oil blending stock; a 
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subsequent slower coupling reaction involving these oxidized precursors then ensues.  
The coupled material is fuel soluble while in the molecular weight range of 600-1000 
Da. Hardy and Wechter14 have described this material as a soluble macromolecular 
oxidatively reactive species (SMORS). It is proposed that repeated oxidation and 
coupling cycles increase SMORS molecular weight until precipitation occurs. 
 
New insights into the mechanism of jet fuel oxidative deposit formation 
We propose that the mechanisms of oxidative deposit formation for both jet and diesel 
fuels are mechanistically similar.  In addition, we propose that the chemistry involved in 
both storage and thermal oxidative deposit formation in middle distillates in general is 
similar. Making such connections is complicated by the fact that most studies on diesel 
oxidative stability involve ambient storage stability issues while jet fuel research is 
usually focused upon thermal stability. A fundamental understanding of the chemistry 
involved is further complicated by the fact that different fuels, derived from both 
different crudes and processing conditions, will exhibit different stabilities. With these 
caveats in mind we press ahead. 
 
Pande and Hardy15 have suggested there is a relationship between both storage and 
thermal oxidative stability in copper doped jet fuels.  Fuel storage was simulated by the 
low pressure reactor (LPR) method (90 ºC/50 psi air/24 h) while thermal oxidative 
stability was measured with a gravimetric JFTOT. With the fuels examined, thermal 
oxidative stability was found to be good, typical and poor. The amount of thermal 
oxidative deposits formed by both the good and bad fuels was not changed by storage 
prior to stressing. However, for the typical fuel, thermal oxidative deposits were 
increased by storage prior to thermal stressing. 
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As suggested by Pande and Hardy 16 these results are consistent with thermal deposit 
precursors forming and accumulating during fuel storage. We propose these results also 
suggest a unified mechanism, for both storage and thermal oxidative deposit formation, 
with copper doped jet fuels. If it is assumed that copper in a fuel is merely acting as an 
oxidative catalyst,17 then a unified mechanism is also expected in the absence of copper. 
 
With these results in mind, we propose the mechanism in Scheme 1 to account for the 
formation of thermal oxidative deposits in jet fuels. It must be stressed that the proposed 
mechanism is generic in that the illustrative molecules merely are representing general 
classes of chemical reactions. It is important to note that these general classes of 
reactivity, generically described as autoxidation followed by coupling reactions, are not 
new. This reactivity pattern is clearly evident in Figure 1. However, recent results have 
enabled a better mechanistic understanding of the proposed details of oxidative deposit 
formation. 
 
In Scheme 1, jet fuel degradation begins with oxidation, by peroxyl radicals, of 
indigenous antioxidants such as phenol (1). The resultant phenoxyl radical can react 
with molecular oxygen as originally proposed by Henaghan and Zabarnick.12 We 
propose that the resultant keto peroxyl radical (2), upon dimerization, yields 
tetraperoxide (3). Decomposition of (3), by the Russell mechanism,18  yields molecular  
oxygen in addition to hydroquinone (4) and quinone (5).  
 
Both organic products are only marginally fuel soluble but are subsequently captured by 
reactions leading to formation of more soluble species. Hydroquinone (4) is more 
reactive, both oxidatively and nucleophilically, than the phenol from which it is derived. 
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Quinone (5) is a potent electrophile and can be thought of as a ‘coupling catalyst’ for 
fuel deposit formation. 
 
To illustrate this point, Step 5 shows an electrophilic aromatic substitution (EAS) 
reaction of quinone (5) with an electron rich heterocycle, a substituted carbazole, to 
form a new coupled molecule. The product of Step 5 has a molecular formula of 
C21H19O2N.  
 
It is interesting to note that Hardy and Wechter14 have examined SMORS formed during 
ambient storage from a variety of unstable diesel fuels by extracting the fuels with 
methanol.  After concentrating the methanol extract, addition of hexane precipitates a 
deposit referred to as an extractive induced precipitate (EIP). The EIP proved to be 
considerably easier to analyze than actual fuel deposits, which EIP ultimately forms. 
The authors have shown the ‘average’ empirical formula for EIP from nine fuels is 
C21H20O2N. The molecular weights for these EIPs were found to be between 650-1000 
Da.  
 
As shown in Scheme 1, further oxidation of compound (6) to a quinone (7) followed by 
subsequent electrophilic aromatic substitution with hydroquinone (6) yields compound 
(8). This compound has a molecular formula of C21H18O2N and a mass of 632. Such a 
molecule would be expected to be found as an EIP from an unstable diesel fuel based 
upon the work of Hardy and Wechter.14 
 
An important feature of the SMORS hypothesis is the difference in the rate between 
precursor oxidation (rapid) and deposit formation (slow). This observation was noted by 
Hardy and Wechter14 with ambient storage of diesel fuels. We suggest rapid precursor 
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oxidation is due to the enhanced reactivity inherent in the molecular structure proposed 
for EIP’s, generically represented in Scheme 1 as compound 8.  For instance, 
hydroquinones are expected to be more reactive with peroxyl radicals than the fuels 
indigenous antioxidants. This is due to the low O-H bond strength for the more electron 
rich hydroquinones.19  
O
O
OH
O
H OO
(C21H19O2N)
N
H
OH
OH
N
H
OH
OH
ROO
N
H
O
O
H O
O
O HO O
N
H
O
O
(C21H19O2N)
N
H
OH
OH
H
O
N O
OH
OH
O
H OO
O
O
OH
OH
N
H
N
H
OH
OH
(C21H19O2N)
(EIP, C21H18O2N)
+ EAS
+ +   ROOH
  3 O2
(1)
(2)
2
(3)
+  3 O2+
(4) (5)
(5)
(6)
(6)
(7)
+
EAS
(6)
(7)
(8)
step 1 step 2
step 3 step 4
step 5
step 6
step 7
Oxidation
 
                                 Scheme 1 
 13 
 As conceptualized in Scheme 1, jet fuel oxidative deposit formation occurs after EIP (8) 
is coupled to another large molecule.  The mechanistic details could involve oxidation of 
(8) to the corresponding quinone (not shown); thermally promoted EAS with a reactive 
electron rich substrate, such as unreacted compound (8), would yield a larger molecule. 
The resulting coupling product would have a mass greater than 1200 and would be 
expected to be insoluble in the fuel. As proposed in Figure 1, agglomeration of bulk fuel 
insolubles would yield microspherical particles, which then precipitate. 
 
A mechanism similar to that proposed in Scheme 1, more precisely described as 
regenerative oxidative oligomerization, has been proposed to explain aspects of the cask 
aging of wine. 20 
 
The proposed mechanism for jet fuel thermal oxidative deposit formation can 
account for recent experimental work 
Time will undoubtedly reveal that any proposed mechanism for a subject as complicated 
as thermal oxidative deposit formation in jet fuels will be wrong in certain aspects. With 
this caveat in mind we suggest the mechanism proposed in Scheme 1 (or a slight 
variation of) explains three recently reported experimental observations for jet fuels 
stressed at high temperatures; this work was done in flow reactors at temperatures with 
complete oxygen consumption (i.e., 350 ºC). These observations are:  
(i) a limited dispersant effect upon deposit formation with a stainless steel 
surface, 
(ii) a minimization and delay of oxidative deposit formation with a Silcosteel™ 
surface, and 
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(iii)  an additive effect in oxidative deposit minimization with use of both  surface 
passivation and dispersant. 
   
       (i) Limited dispersant effect upon deposit formation with stainless steel 
surfaces: Dewitt and Zabarnick 21  have reported flow reactor data which suggests 
dispersants have a limited effect upon jet fuel oxidative deposit formation at 350 ºC. An 
approximately 70% reduction in oxidative deposit formation was noted when a JP-8 is 
stressed in the presence of an additive package which contains a dispersant (256 mg/l of 
Betz 8Q462). A similar experiment in the presence of 1000 mg/L of only the dispersant 
(8Q405) was only marginally better. This observation suggests that there are two 
different mechanisms for oxidative deposit formation. One mechanism is presumably 
responsive to dispersant and  the other that is not.  
 
Presumably, thermal oxidative deposits would be minimized from the mechanism 
proposed in Scheme 1 by limiting agglomeration of insolubles. However, we suggest a 
second deposit pathway, mechanistically similar to that proposed in Scheme 1, also 
exists which is not affected by dispersant.  
 
       (ii) Minimization and delay of oxidative deposit formation with surface 
passivation by Silcosteel™  surfaces: Ervin et al. 22 have shown that when a Jet A fuel 
is stressed at 350 ºC, with a Silcosteel™ surface, oxidative deposits are approximately 
halved. In addition, the temperature for complete oxygen absorption by the fuel is 
increased by approximately 25 ºC. Most interestingly, only partially coating of the tube 
with Silcosteel™ shifts the oxidative deposit to higher temperatures where bare stainless 
steel is exposed.  These results are consistent with stainless steel promoting oxidative 
deposit formation. 
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To account for all these observations, we suggest the mechanism proposed in Scheme    
2 23 as a stainless steel surface promoted deposit pathway. We propose reaction starts 
with the interaction of the fuels indigenous aryl thiols with reactive sites on stainless 
steel as shown in Step 1. The mechanistic details of this step are unknown. However, it 
is proposed that a metal sulfide is generated at the stainless steel surface. Such a species 
is proposed, due to electronic donation of the sulfide to the aromatic ring, to be highly 
activated towards electrophilic aromatic substitution. As shown in Steps 2 and 3, 
reaction of the metal sulfide with fuel soluble electrophiles, formed in Scheme 1, would 
yield an incipient surface deposit. This deposition process is proposed to occur prior to 
the process described in Scheme 1 owing to the enhanced reactivity of the proposed 
metal sulfide. This would explain the observed delay in oxidative deposit formation with 
Silcosteel™. Since surface deposition in Scheme 2 does not involve agglomeration it 
explains the observation by DeWitt and Zabarnick21 of a limited effect upon deposit 
formation on stainless steel with high dispersant concentration.  
 
       (iii) An additive effect in oxidative deposit minimization with use of both  
surface passivation and dispersant: Ervin et al.22 have shown that when a Jet A fuel is 
stressed at 350 ºC, with a Silcosteel™ surface, oxidative deposits are approximately 
halved; with stainless steel and a dispersant, deposits are also approximately halved. 
However, stressing a fuel with both Silcosteel™ and a dispersant containing additive 
package (Betz Q462), results in significantly less deposit. The mechanisms for fuel 
oxidative deposit formation proposed in Schemes 1 and 2 can account for the observed 
additive effect in deposit minimization. 
 
As previously articulated, the metal bound aryl sulfide shown in Scheme 2 is proposed 
to be a reactive nucleophile which can couple with SMORS electrophilic sites. This 
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process puts SMORS on the stainless steel surface as a growing surface deposit. Since 
agglomeration is not a part of the deposit forming mechanism, dispersants would not 
effect these reactions. However, surface passivation with Silcosteel™ will inhibit these 
surface reactions.  
 
The bulk fuel oxidative deposit mechanism proposed in Scheme 1 involves SMORS 
coupling reactions; as the SMORS become too large and insoluble, they precipitate.  A 
dispersant, by limiting bulk deposit agglomeration, would limit bulk fuel deposits. 
 
Thus, concurrent inhibition of both the mechanisms proposed in Schemes 1 and 2, with 
use of both Silcosteel™ and dispersant, would account for the observed deposit 
minimization.    
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Results and discussion 
To test the postulate of a role for SMORS in the formation of thermal oxidative deposits 
in jet fuels, we performed the experiment reported in Figure 3. Calibrations were done 
for four different temperature settings: 353, 673, 702, and 730 ºC (Figure 2). For the 
reported runs the reactor was heated in such way to keep the bulk exit flow temperature 
constant at 675 ºC and held at this temperature for 5 hours. In this experiment  a JP-8 is 
stressed up to a 675 ºC exit temperature, in a flow reactor with a Silcosteel™ surface, 
both in the presence and absence of air. Jet fuel deposit formation is plotted as a 
function of temperature.  
 
When the deposit profiles for the jet fuel in the presence and absence of oxygen are 
compared, a number of interesting observations are evident. First, in the absence of 
oxygen, the lack of deposits prior to 580 ºC (~55 cm) is surprising. Apparently with 
anaerobic conditions and a Silicosteel™ tube surface the jet fuel is surprisingly stable at 
temperatures less than 580 ºC. Presumably, the fuel deposits formed at higher 
temperatures are the result of pyrolytic degradation. Second, in the presence of air, 
deposits are formed prior to 580 ºC and are most likely products derived from 
autoxidation. Others have noted that fuel autoxidation products deposit before the 
products of fuel pyrolytic decomposition. 24 The surprising feature of this work is the 
high temperatures for deposit formation with Silcosteel™.  For perspective, oxidative 
deposit formation is occurring at temperatures well above the temperature of complete 
oxygen consumption, ~350 ºC or approximately 20 cm.22   In addition, pyrolytic 
decomposition is occurring at higher temperatures (~600 ºC) than observed with 
stainless steel (~500 ºC ). 
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We suggest that the formation of oxidative deposits at the high temperatures observed in 
Figure 3 is consistent with the SMORS hypothesis articulated in Scheme 1. Presumably, 
SMORS are formed containing both electrophilic and nucleophilic functional groups 
prior to oxygen consumption. Analogous reactions are shown in Steps 5 and 6 in 
Scheme 1. Such molecules would then undergo EAS coupling reactions at higher 
temperatures and in the absence of oxygen. Step 7 in Scheme 1 is a similar reaction.  
However, the rate of these coupling reactions should be dependent upon the steric 
environment at the coupling sites in the SMORS.  The more sterically inhibited a site, 
the slower the coupling reaction.  Consequently, the proposed mechanism can account 
for the observed dispersal of oxidative deposit over a wide range of temperatures well 
beyond the temperature of complete oxygen consumption. 
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Figure 2. Bulk temperature at three points in reactor for four different temperature 
settings. 
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Conclusions 
The proposed mechanisms for jet fuel oxidative deposit formation can explain diverse 
experimental observations. In addition, if correct, the new level of mechanistic 
understanding will provide new insights into the chemistry of oxidative deposit 
formation for middle distillate fuels in general. As proposed, the key step for oxidative 
deposit formation involves the coupling of electron rich aromatic compounds, with 
electrophiles generated by autoxidation, to form SMORS. Subsequently, SMORS 
containing both electrophilic and nucleophilic functionality promote deposit formation 
upon further coupling.  
 
It is proposed that any hydrogen containing heteroatomic aromatic species, such as 
phenols, aryl amines and thiophenols can be oxidized to electrophilic quinone like 
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species. These same types of molecules in their non-oxidized form, in addition to other 
aromatic electron rich heteroatom containing compounds, can be nucleophilic species in 
the coupling reactions. The order of decreasing nucleophilic reactivity is proposed to be:  
indoles and carbazoles > benzofurans > benzothiophenes.  Oxidative deposit ultimately 
results when molecular mass, from coupling electrophilic and nucleophilic species by 
electrophilic aromatic substitution reactions, limits solubility.  
 
We suggest that the fundamental chemistry involved in oxidative deposit formation 
under both storage and thermal conditions for middle distillates are similar. This 
similarity only applies to the ‘gross’ mechanistic details; autoxidation followed by 
coupling reactions to form SMORS followed by further coupling to form oxidative 
deposits. We are not suggesting the mechanisms are similar in the sense that common 
diesel storage stability additives, such as alkyl amines, would also act as thermal 
oxidative stabilizers for jet fuels. Presumably, alkyl amines minimize storage deposits 
by neutralizing the acid required to facilitate coupling reactions (EAS) under the low 
temperatures typical for storage. Under the much higher temperature conditions of jet 
fuel thermal oxidative stress enough energy is present to promote the coupling reactions 
without an acid catalyst. 
 
We have also suggested the presence of copper in a fuel will catalytically promote 
deposit formation by accelerating peroxyl chain chemistry, by chain branching. 
Subsequent reaction of the peroxyl radicals, from chain branching, with the fuels 
indigenous antioxidants, initiates both storage and thermal oxidative instability. 
 
Future engine technologies will increasingly stress fuels to higher temperatures prior to 
combustion for both performance and environmental reasons. 25  The proposed 
 21 
mechanism for middle distillate oxidative degradation suggests focusing stabilization 
efforts upon minimizing reactive electrophilic quinone formation should be fruitful. 
Silylation3 of the fuels indigenous antioxidants would block electrophilic quinone 
formation and presumably limit oxidative deposit formation. In addition, development 
of efficient oxygen scavenger additives, 26   which would also limit fuel quinone 
formation, should also be effective. 
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Part II 
The Role of the ETIO Reactions of Phosphines in the Stabilization of Jet Fuels. 
 
Introduction 
It is known that when air saturated jet fuels are subjected to high temperatures, two 
major fuel decomposition processes occur; thermal oxidation (autoxidation) and 
pyrolysis. Thermal oxidative degradation occurs when the fuel reacts with the dissolved 
oxygen present in the fuel and usually starts at temperatures above 120 ºC. The 
deposition process usually occurs from 200~300 ºC with deposits stopping after the 
consumption of the oxygen at about 300 ºC. With increasing temperatures (~ 450 ºC) the 
fuel begins to decompose thermally and form pyrolytic deposits.6,27 
 
It is believed that the autoxidation of jet fuel involves a peroxyl radical chain 
mechanism:  
 
                     RH + O2 → R• + HOO•                            step 1 
                    R• + O2 → ROO•                                       step 2 
                     ROO• + RH → ROOH+R•                        step 3 
                     ROO• + ArOH →ROOH + ArO•              step 4 
                     ArO• + O2 → Deposits                               step 5 
                     2ROO• → Non radical products                step 6 
                  
                Scheme 3. The mechanism of autoxidation of hydrocarbons. 
 
Step 1 is the initiation of the radical chain reaction. Step 2 and Step 3 are propagation 
steps in which R• reacts with O2 rapidly and forms ROO•. Subsequently, ROO• 
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abstracts a hydrogen atom from another hydrocarbon and forms a new hydrocarbon 
radical. Step 4, step 5 and step 6 represent termination of the radical chain. ArOH 
represents phenols which are naturally found in the fuel. Phenols terminate the radical 
chain reaction by rapidly offering hydrogen atoms to peroxyl radicals (ROO•) which 
propagate the radical chain reaction (k4>k3). 28,29 As previously discussed in part I, 
oxidation of these phenols results in deposit formation in the fuel (step 5).9, 30 
 
It is known that deoxygenation of a fuel prior to stressing results in minimal oxidative 
deposit upon thermal stressing. Therefore, an oxygen scavenging additive (Sc) might be 
designed to react with oxygen to form an innocuous product (ScO).30 Theoretically, 
reaction (1) would divert the oxidation of the fuels indigenous antioxidants to the 
scavenger molecule.  
        Sc + O2              2 ScO   (1) 
 
Molecules that can be induced to undergo electron-transfer-initiated oxygenation (ETIO) 
at low temperatures should be amenable to oxygen scavenging functions. The rate-
limiting step for ETIO involves an electron transfer from the substrate to molecular 
oxygen (or an activated form of oxygen such as a hydroperoxide). We have postulated 
that electron rich molecules that have low oxidation potentials, such as phosphines, can 
be induced to undergo ETIO reactions. 30 
 
The effect of adding triphenylphosphine (TPP) to a jet fuel was quantitatively analyzed 
with gas chromatography/atomic emission detector (GC/AED).30 Figure 4 reveals that 
when 209 mg/L of TPP was added to F-3119 jet fuel at ambient temperature, part of 
TPP was transformed into triphenylphosphine oxide (TPPO) and triphenylphosphine 
sulfide (TPPS). Presumably, fuel F-3119 contains both sulfur- and oxygen- containing 
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species that react with TPP at ambient temperatures. Trace amount of metals, peroxides 
and possibly other unidentified sulfur- and/or oxygen-containing species may react with 
TPP.31,32 After reaction at various temperatures in the phoenix rig,30 the total amount of 
phosphorus compounds remained constant. The amount of TPPS remained constant as 
did the sum amount of TPP and TPPO. Therefore, TPP was converted to TPPO upon 
heating air-saturated F-3119. Figure 5 reveals that approximately 0.25 mM of TPP was 
consumed at ambient temperature. After subjected to temperatures from 190 ºC to 230 
ºC both TPP and oxygen concentration decrease approximately 50%, 0.32 and 0.20 mM, 
respectively. From the data presented either of  two mechanisms can account for this 
observation. First, the fuel could be reacting with oxygen to form fuel hydroperoxides 
which are then reduced by TPP. Alternatively, in this temperature regime TPP could be 
reacting directly with molecular oxygen. 30  
 
 
 
Figure 4. GC/AED traces of carbon (divided by 20), sulfur, and phosphorus from TPP in F-3119. 
                 (From Ref.30) 
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 Figure 5. Oxygen and TPP concentration vs reaction temperature in the Phoenix rig (Base 
 is the F-3119 with 209 mg/L TPP before passage through the Phoenix rig). (From Ref.30) 
 
Figure 6 reports phoenix rig results on the relationship of O2 consumption and 
temperature for jet fuel F-3119 in the presence and absence of TPP. Neat F-3119 does 
not start consuming significant O2 until temperatures above 210 ºC. However, in the 
presence of 209 mg/L of TPP significant O2 consumption has started after 190 ºC. This 
data is consistent with the hypothesis of direct reaction of oxygen and TPP. If TPP 
reduction of fuel hydroperoxides were occurring, a delay in the oxygen consumption in 
the phoenix rig at high temperatures would be expected. 30 
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 Figure 6. Deposit formation in Phoenix rig: baseline F-3119 
               with and without TPP (209 mg/L). (From Ref.30) 
 
 Many aryl and alkylaryl phosphines have been tested as potential oxygen scavengers 
for jet fuel, and dicyclohexylphenylphosphine (DCP) is the most promising. A detailed 
study of the reaction mechanism has been performed in the hope that the knowledge 
gained will allow the design of a better oxygen scavenger for future jet fuels. The DCP 
reaction with oxygen has been proposed as an ETIO reaction as shown in scheme 4.26 
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Scheme 4. Mechanism of dicyclohexylphenyl phosphine (DCP) autoxidation in dodecane    
                  in the presence of  BHT and metal chealating reagent (MCA).  
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The first step is the rate limiting step involving a complete electron transfer from the 
substrate to molecular oxygen forming a triplet electron transfer complex. With 
intersystem crossing33 a singlet complex is formed, followed by a rapid cyclization to 
provide a phospadioxirane as an intermediate. This phosphadioxirane then reacts with 
another phosphine molecule to provide two phosphine oxide molecules.     
 
Molecular association complex: A molecular association complex has been proposed 
as an intermediate for the electron transfer reaction between alkylpyroles and molecular 
oxygen (Figure 7). 34  Ultraviolet spectroscopy indicates that molecular oxygen 
associates extensively and reversibly with the electron rich compound 2,5-
dimethylpyrrole in a hydrocarbon solution (Figure 8). The formation of such a 
molecular association complex is proposed as the initial step followed by the 
transformation to an electron transfer complex, which rapidly provides the product 
(Figure 7). The oxygenated 2,5-dimethylpyrrole solution appears as the upper trace. It 
showed three new absorption peaks, at 224 nm, 275 nm, and 282 nm, which are 
attributed to the molecular complex of 2,5-dimethylpyrrole and oxygen. The lower trace 
showed the absorbance of sample after deoxygenation was accomplished. The lower 
trace is identical to the spectrum which was obtained with fresh 2,5-dimethylpyrrole 
solution before oxygenation was effected. This demonstrated the reversible nature of the 
complexation.34  
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Figure 7. Molecular Association Complex of 2,5-dimethylpyrrole and oxygen.  
               (From Ref. 34) 
 
 
Figure 8. UV Spectra of 2,5-dimethylpyrrole in dodecane. (From Ref.34) 
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Electron-transfer and electron donor-acceptor (EDA) complexes: Electron-transfer 
and electron donor-acceptor (EDA) complexes have been proposed as precursors of 
various types of organic and organometallic reactions. 35 HOMO-LUMO interactions in 
donor-acceptor pairs are critical to the electron transfer phenomenon. The irradiation of 
the electron-transfer band of an Electron donor-acceptor (EDA) complex is the most 
direct method for the photoactivation of electron-transfer oxidation, since the absorbed 
energy hνCT is directly applied to the conversion of a bonding electron in the HOMO of 
the donor D into an antibonding electron in the LUMO of the acceptor A.36 
D + A
K
[D, A] D A
k2 product,
νh CT
     (2)  
 
According to eq 2 the formation of the ion radical pair occurs upon excitation of the 
electron-transfer band of the EDA complex. An example of such a process is the donor-
acceptor complex of 9-cyanoanthrancene (CAN) and tetracyanoethylene (TCNE) shown 
in Figure 9(a). Deliberate excitation of the electron transfer band at 630 nm with a 25 ps 
laser pulse leads to the series of time-resolved spectra in Figure 9(c) taken shortly after 
the application of the 532 nm radiation. The transient absorption bands at λ 770 and 440 
nm immediately following the 25 ps laser pulse show the simultaneous appearance of 9-
cyanoanthrancene cation radical (CNA+·) and tetracyanoethylene anion radical (TCNE¯˙). 
The spectra were identified by comparison with the absorption spectra of these ion 
radicals generated spectroelectrochemically at a platinum-mesh anode and cathode, 
respectively, Figure 9(b).37 
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Figure 9. Electronic absorption spectra of (a) the EDA complex of 9-
cyanoanthrancene (CAN) and tetracyanoethylene (TCNE) in comparison with the 
uncomplexed CAN and TCNE; (b)  the donor cation and acceptor anion generated 
spectroelectrochemically and (c) time-resolved ps absorption spectra taken at 25, 50, 
75 and 100 ps following the CT excitation at 532 nm of [CAN, TCNE] with a 25 ps 
laser pulse. (From Ref. 35) 
 
Electron transfer complexes in chemical reactions: Electron transfer complexes have 
been proposed as precursors in electrophilic aromatic substitution reactions. Kochi.38, 
39 , 40 has examined preequilibrium complex formation with various aromatic donors 
interacting with electron acceptors such as halogen. There were immediate characteristic 
color changes upon the addition of various aromatic hydrocarbons into halogen 
solutions. Spectrophotometric analyses established the formation of 1:1 molecular 
complexes. Low temperature X-ray crystallography of benzene and bromine mixture 
reveals the highly structured preequlibrim π-complex shown in Figure 10. Upon 
warming spontaneous transformation into a highly reactive σ-adduct occurs followed by 
the formation of the product (eq 3).41 Figure 11 is the X-ray crystallography of the σ-
adduct of hexamethylbenzene under similar reaction conditions. 42  Although these 
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intermediates are structurally akin to the transition states, they are formed essentially 
upon bimolecular collision with no activation energy.43      
ArH   +    Br2 [ArH, Br2] Ar
H
Br
, Br ArBr   +   HBr
fast
π -complex σ -adduct
G∆
    (3)      
 
 
Figure 10. Molecular structure of the preequilibrium complex of benzene 
and bromine showing the pertinent charge-transfer π-bonding. (From Ref. 41) 
 
 
Figure 11. Molecular structure of the σ-adduct derived from the 
bromine interaction with hexamethylbenzene. (From Ref. 42) 
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Aromatic nitration with the nitrosonium cation (NO2+) is fast, at essentially the diffusion 
controlled rate. The potential energy profile of the arene/nitronium system has a double 
potential minimum due to its high reorganization energy of λNO2= 140 kcal/mol.44 The 
reorganization energy represents the free energy increase associated with the structural 
changes of the reactants and their immediate environment in order to proceed from the 
initial state to the transition state.44                 
Kochi proposed a two-stage activation process for aromatic nitration via electron-
transfer activation (Figure 12). It involves the formation of a preequilibrium complex 
[ArH, NO2+], followed by a successor complex [ArH·+, NO2·] corresponding to the 
double potential minima.45 The successor complex [ArH·+, NO2·] largely takes on the 
burden of the NO2+ reorganization in the separate electron-transfer transformation of the 
precursor complex [ArH, NO2+]. Subsequent spontaneous collapse of the successor 
complex (SC) to the σ-adduct facilitates the electron-transfer pathway for nitration 
considerably (eq 4).46  
KCT ArH
(SC)
, NO2
NO2
H
+
(PC)
[ArH, NO2]+ArH   +    NO2+ [ ]
fast
( -adduct)σ        (4) 
 
The activation barrier ∆G‡ for this two-stage mechanism is substantially less than that 
(∆GET) of direct formation of separate ion-radical pair {ArH·+, NO·2} from the starting 
compounds {ArH, NO+2} (Figure 12 dashed curve). This indicates the viability of 
electron-transfer mechanisms cannot be prejudged solely by the free energy change for 
electron transfer (∆GET), since the actual activation energy (∆G‡) can be substantially 
less.46 
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 Figure 12. The profile of the potential energy surface that qualitatively depicts the free energy 
change along the reaction coordinate for the redox transformation of an arene/NO2+ pair lying in 
a typical endergonic region of the driving force. (From Ref. 46) 
 
 
Theoretical treatment of endothermic single electron transfer reaction (SET): A 
single electron transfer (SET) mechanism for a donor and an acceptor is applicable to 
exothermic or slightly endothermic SET reactions. However, in most cases SET 
reactions are strongly endothermic. It is commonly proposed that such reactions are 
irreversible, since it is followed by a rapid chemical step.47 Schuster 48,49propose such 
SET mechanism is analogous to an irreversible electrochemical process (eq 5).50 
 + AX AX- k2
k-1
k1
e- A + X-
    (5) 
 
The assumption for eq 5 is that the first step is rate limiting, and the second step is a fast 
chemical reaction. Theoretically this formulation is problematic because of the 
assumption is that the second step must be faster than the reverse exothermic SET step 
(i.e. k2> k-1). Since electron motion is much faster than nuclear motion, it is 
unreasonable to propose a chemical reaction, with bond making or breaking, that is 
faster than an exothermic SET reaction.51 
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In order to solve this problem, Perrin51 proposes an alternative interpretation of these 
endothermic SET mechanisms by using a proton transfer analogy, which also involves a 
large intrinsic barrier. 52  A well-documented example of this situation is the 
deprotonation step of methoxyaminolysis of acetyltriazole (eq 6). In the transition state 
for this reaction, the proton transfer is coupled with bond fragmentation.53 In order to 
emphasize the analogy with eq 5, a generalized reaction of eq 6 can be written as eq 7.51 
 
 
CH3ONH2   + C
O
Tr C
O
TrH2N
R
C
O
TrH2N
R
B
C
O
TrHN
R
C
O
HNBH+ + +   Tr
R
± B
BH
δ δ δ
δ
 (6) 
 
B- +  HAX BH  +  AX-
k2 A  +  X-
k-1
k1
      (7)   
 
If the proton transfer from HAX to B is endergonic, the reverse proton transfer is 
exergonic and faster than the second step. To address this Perrin transforms eq 7 to eq 8. 
Partial proton transfer creates the species Bδ----H---AXδ-, which is unstable to 
exothermic proton transfer from B back to A. Proton transfer is fast compared to bond 
cleavage. In each geometry of Bδ----H---AXδ- the A-X bond is labilized to an extent that 
increases with the extent of proton transfer. Thus, proton transfer can be coupled to 
heavy atom motion.51 
B- +  HAX
k2 BH + A +  X-
k-1
k1
B H AX
δ−δ−
  (8) 
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Equation 9 expresses this idea applied to an SET mechanism. f represents a measure of 
the extent of electron transfer. According to eq 9, the partial electron transfer to create 
AX-f is fast compared to bond cleavage. In each AX-f species the A-X bond is labilized 
to an extent that increases with f. There thus may be an intermediate value of f for which 
there is sufficient electron push to make the reaction proceed at a reasonable rate, and 
there is a sufficient fraction of substrates with that push.51 In eq 9 partial electron 
transfer is viewed as promoting the bond clevage. It would be also logical to view partial 
bond cleavage as promoting the electron transfer. Indeed, Walling,54 Schuster55 and 
Jencks56 have used this approach in the proton-transfer reactions (eq 8). 
f e- +  AX
k(f)
 A-(f-1) +  X-
fast
AX-f
    (9) 
 
Equation 9 represents an alternative approach to an SET mechanism for which the SET 
is endothermic. Transfer of a fraction of an electron to the substrate is sufficient to make 
it break the A-X bond at a sufficient rate, and reaction bypasses the intermediate by 
coupling SET to nuclear motion.51  
 
Oxygen chemistry 
Triplet oxygen: The ground state of oxygen is in the triplet state (3Σ). Molecular theory 
indicates eight electrons occupy bonding orbitals and 4 occupy antibonding orbitals. The 
two electrons with the highest energy occupy the two π2p* MOs with unpaired (parallel) 
spins, making the molecule paramagnectic (Figure 13).57 The triplet ground state of the 
oxygen molecule shows its radical-like character in various reactions, such as radical-
radical combination with R· to give alkylperoxy radical ROO·, and abstraction of H 
atoms.58  
 
 36 
Singlet Oxygen: The excited state of triplet molecular oxygen is the singlet state. There 
are two singlet states of oxygen (1∆ and 1Σ). The two electrons with the highest energy 
occupy one π2p* MO with paired spins for O2 (1∆), and two π2p* MOs with paired spins 
for O2 (1Σ) (Figure 13). O2 (1Σ) rapidly relax to O2 (1∆) releasing 15 kcals of energy. O2 
(1∆) is about 22 kcals higher in energy than O2 (3Σ).57 Singlet oxygen reacts with 
conjugated dienes through a Diels-Alder reaction to yield endoperoxides.59, 60 Singlet 
oxygen reacts with olefins possessing an allylic hydrogen with an ene-reaction to 
provide a hydroperoxide,61 and dioxetane reaction occurs when singlet oxygen reacts 
with olefins lacking an allylic hydrogen.62 
 
                                  
Figure 13. Primitive representations of molecular oxygen singlet and triplet states. 
                 (From Ref. 57) 
 
Intersystem crossing: Intersystem crossing or transition between singlet and triplet 
states can not occur if the state is a pure singlet or a pure triplet. To mix these two states 
there has to be a magnetic field in a direction that enables a flip of the electron spin. 
There are two mechanisms that fulfill this requirement, spin-orbital coupling and 
hyperfine coupling with nuclear spins. 33 
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In spin-orbital coupling, the magnetic field needed to flip the spins and mix the singlet 
and triplet state is provided by the orbital motion of the electron in the electrical field of 
the nucleus. Spin-orbital coupling increases approximately with the fourth power of the 
effective nuclear charge, and is therefore very much more important in diradicals 
containing oxygen than in hydrocarbon diradicals. Another interaction that can mix the 
spin state is the hyperfine coupling of the electron spin with magnetic nuclei spin. The 
importance of hyperfine coupling is greater in diradicals lacking heavy nuclei.33 
 
Another major factor that influences the intersystem crossing is that the energies of the 
singlet states and triplet state must overlap. In many cases the close energy for the two 
states is met by a change to a conformation at which the electronic potential energy 
surfaces intersect. Normally this is not a problem since the molecule or molecule plus 
surrounding solvent have a rather dense manifold of vibrational energy levels in both 
singlet and triplet states.33 
 
Cyclic seven-membered ring acetylene reacts with ground state triplet oxygen in the 
dark to produce a dione, which is identical to the product of the acetylene reaction with 
singlet oxygen at low temperature (-90 ºC). Its special reactivity toward oxygen is due to 
its unique structure. Cyclic seven-membered ring acetylene possesses an exceptionally 
small C-C≡C bond angle of 1460. The two π orbitals are not degenerate, but are split 
into a higher energy orbital which is roughly in the molecular plane (πy) and a lower 
energy orbital which is perpendicular to the molecular plane (πz).63 The reaction of the 
acetylene and singlet oxygen produce an intermediate which is stable for days at -90 ºC  
Upon warming to ~-30 ºC the intermediate decomposes and forms the product dione. 
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According to the correlation diagrams,64 , 65  for addition of oxygen to ethylenes the 
electronic behavior of the state arising from the initial interaction of triplet oxygen with 
a ground state olefin is exactly parallel to that of the interaction of the corresponding 
state arising from the interaction of singlet oxygen with ground state olefin, except that 
the latter state lies 22 kcals higher in energy and possesses a different spin multiplicity. 
Turro proposed that the addition of triplet oxygen to this acetylene occurs via a similar 
geometry to that of singlet oxygen. 66 The latter allows the most effective charge transfer 
from the πy orbital of the acetylene to a π* orbital of oxygen. A weak complex of the 
acetylene and triplet oxygen would result from this charge-transfer interaction as the 
system approached the transition state for reaction (Figure 14). 67 , 68  With closer 
proximity of the molecular components, a tendency toward full bond formation from 
carbon to oxygen occurs. This bond formation has the effect of producing two orbitals 
of comparable energy on the second oxygen atom, which can promote a favorable 
situation for spin-orbit coupling, 69, 70 a one-center px→ py jump on an oxygen atom. 
Singlet oxygen now is produced and undergoes subsequent reaction. Furthermore, the 
state produced by such a px→ py jump may possess substantial ionic character, a situation 
which further favors a rapid rate of spin inversion.69, 71 
 
 
 
 
 39 
OO
O
O
C
C
C
C
triplet complex singlet complex
px
py
px
px
py
pyπy px pyπy
spin
flip  
 
Figure 14. Schematic representation of the initial interactions of seven-membered ring  
acetylene and triplet oxygen. Top: orbital interactions show how a px→ py jump 
occurs in a charge-transfer complex of the acetylene and oxygen. Bottom: simplified 
orbital level scheme indicating the coupled nature of the px→ py jump induced by 
charge-transfer interaction of acetylene and triplet oxygen.  (From Ref. 70) 
 
 
Phosphine chemistry 
There are some basic differences between nitrogen and phosphorus chemistry, even 
though they are in the same group in the periodic table. Phosphorus is much less 
electronegative than nitrogen (2.2 vs. 3.0) and its greater size causes bond lengths to be 
considerably larger (P-C, 1.84 Å in phosphines; N-C, 1.70 Å in amines). This creates a 
difference in the steric environment. In phosphine, the lone pair is considered as lying in 
an orbital directed from the apex of the pyramid, having mixed s and p character. 72 But, 
this is a great simplification of the situation. However, with this view, some physical 
and chemical properties of phosphines can be explained, such as bulky substituent 
groups hindering the approach of reactants to the lone pair.73  
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There are some similiarities between phosphines and amines. Phosphines are good 
nucleophiles as are amines. Phosphines are just slightly weaker bases than their amine 
counterparts. 74  However, there are some basic differences.  In phosphines, the barrier to 
pyramidal inversion is much higher, typically 35 kcal/mol. Therefore, optically active 
phosphines are known. While the pyramidal inversion of amines is extremely rapid with 
the inversion barrier around 5 kcal/mol. 75 
 
Another major difference between phosphines and amines is the importance of 
delocalization of the lone pair on interaction with unsaturated groups. Although 
delocalization is extensive and of critical importance when the amino group is 
conjugated with unsaturated groups, the overlap is much less efficient (but not absent) 
between the lone pair orbital on the large phosphorus atom with that of the adjacent p-
orbital on the smaller carbon atom. Furthermore, for efficient overlap, the lone pair 
should acquire more p-character, meaning the phosphorus pyramid should be flattened. 
This occurs by changing the hybridization to give more s-character in the C-P bonds 
with an increase in p-character in the lone pair orbital.73 
 
A more profound difference is the ability of trivalent phosphorus to participate in a form 
of multiple bonding to oxygen that is absent in nitrogen chemistry. Phosphine can be 
easily oxidized to phosphine oxide. Tertiary phosphine oxides are the most stable and 
least reactive of all families of phosphorus compounds. The strength of the P=O bond, 
with a bond dissociation energy between 128 to 139 kcal/mol, is responsible for this 
high stability.76  
 
Steric and electronic effects in phosphines:  The electronic parameter (ν) is a measure 
of phosphine electronic effects. It is based on the frequency of the A1 carbonyl mode of 
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Ni(CO)3L in CH2Cl2. The electronic parameter for many phosphorus compounds with a 
variety of ligands can be estimated with eq 10; χi is the additivity of substituent 
contributions to ν and can be obtained from literature.77,78  
 For PX1X2X3       ∑
=
+=
3
1
1.2056
i
iχν       (10) 
 
The steric parameter θ is the ligand cone angle of a space-filling CPK molecular model. 
For symmetric ligands θ is the apex angle of a cylindrical cone, centered 2.28 Å from 
the center of the P atom, which just touches the vander Walls radii of the outer most 
atoms of the model (Figure 15). Real M-P bond lengths vary from about 2.12 [Ni(PF3)4] 
to 2.55 Å [WCl4(PMe2Ph)2];  2.28 Å is about in the middle of the range. For an 
unsymmetrical ligand PX1X2X3, θ can be found from literature and calculated with eq 
11. 78,79 
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                   Figure 15. Model of measuring Tolman cone angle. (From Ref. 78) 
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Phosphine radical cation: Neta has shown that triphenylphosphine (TPP) undergoes a 
one-electron oxidation in γ-irradiated oxygenated CH2Cl2/ CCl4 solutions to yield a 
radical cation, Ph3P+· (Figure 16). 80  The absorbance was formed in two steps; a 
substantial fraction was seen immediately after the pulse (within <0.1 µs), due to rapid 
oxidation of Ph3P by the short-lived solvent radical cations and chlorine atoms, and the 
rest was formed by gradual buildup over about 10 µs, due to the slower oxidation by the 
peroxyl radicals (steps 1, 2, scheme 5). 80,81,82 In table 1 is compiled a listing of kSET 
(steps1, 2, scheme 5) vs phosphine structure.  
 
 
 
Figure 16. Optical absorption spectrum of TPP radical cation. Recorded by pulse  
radiolysis of CH2Cl2 solution containing 1×10-3mol/L Ph3P under air, 10 µs after 
the pulse. The insert shows a plot of absorbance at 330 nm vs time: 20 µs for the 
left half and 300 µs overall for the right half. (From Ref. 80) 
 
The decay of Ph3P+· in air-saturated solutions followed almost pure first-order rate law 
and was about 10 times more rapid than in the absence of O2. This indicates a reaction 
of Ph3P+· with O2 (step 3, scheme 5). In table 1 is compiled a listing of k3 vs phosphine 
structure. Since this reaction produces an oxygenated phosphinium radical, subsequent 
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SET chemistry can be anticipated (step 4, scheme 5). In table 2 is compiled chain length 
as a function of phosphine structure in different solvents. It is clear that there is a 
complicated relationship between electronic and steric effect in the oxidative chemistry 
of the phosphines.83  
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Scheme 5. ETIO mechanism for the reaction of TPP in oxygen saturated CH2Cl2,  
                  CCl4 at room temperature. 
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 Table 1 Rate Constants Measured by Pulse Radiolysis of Phosphine in CH2Cl2. 
              (From ref. 82) 
   
        Phosphine                           kSET ( ×108 L mol-1 s-1)            k3 ( ×106 L mol-1 s-1) 
 
  Triphenyl                                             2.6 ± 0.4                              7.3 ± 1.4                                               
  Tris(p-methoxyphenyl)                       3.9 ± 0.6                              1.3 ± 0.3 
  Tris(o-methoxyphenyl)                       1.7 ± 0.3                               0.8 ± 0.3        
  Tris(2,6-dimethoxyphenyl)                   5 ± 1                                       ≤ 0.1 
  Tris(2,4,6-trimethoxyphenyl)             13 ± 2                                        ≤ 0.1 
  Methyldiphenyl                                  2.7 ± 0.4                               180 ± 30 
 
 
 
   Table 2. Radiolytic Yields (G values in µmol J-1) for Oxidation of Phosphines  
            (2 mmol L-1) in Various Solvent Systems under Air.(From ref. 82) 
   
        Phosphine                           CHCl3               DMSO                DMSO               DMSO 
                                                                         (10% CHCl3)       (2.5% CHCl3) 
 
Triphenyl                                        83                      17                     13                      11                                       
Tris(4-methoxyphenyl)                 120                      28                                               21       
Tris(2-methoxyphenyl)                 15                        7                                                14        
Tris(2,6-dimethoxyphenyl)            23                      75                                               17 
Tris(2,4,6-trimethoxyphenyl)         40                     70                     59                       24 
Methyldiphenyl                             187                     25                    17 
   
 
Phosphadioxirane: The intermediates in the singlet oxygen reaction of phosphites have 
been studied by trapping and tracer experiments. Reaction of diphenyl sulfide and 
sulfoxide on the 1O2 oxidation of (BuO)3P revealed that the added substrate and the 
reactant phosphite are competing for the same intermediate. The relative reactivity is   
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(BuO3)P/Ph2S/Ph2SO = 300: 4: 1. Such electrophilic O-transfer activity is not consistent 
with the existence of a 1,3-dipolar phosphonium peroxide (R3P+-O-O-), but indicative of 
cyclic λ5-phosphadioxirane (structure 2, Scheme 6). Such an intermediate is supported 
by a 16O- 18O tracer study for rearranged phosphadioxirane from triphenylphosphine and 
O2. There are two plausible mechanisms for the rearrangement a unimolecular (eq 12) 
and a bimolecular pathway (eq 13). The former is a retention mechanism involving a 
rearrangement via 1 (eq 12) where the two oxygen atoms in 2 (eq 12) come from the 
same oxygen molecule. The latter pathway of eq 13 involves six-membered diperoxide 
3 (eq 13) as a dimmer resulting in scrambling of the two oxygen atoms. The 
experimental results (Table 3) clearly support the unimolecular reaction rearrangement 
via phosphadioxirane intermediates (eq 12).84  Such a rearrangement was also proposed 
by Jenkins et al. on a reaction of triphenyl phosphine with diethyl azocarboxylate 
followed by the addition of hydrogen peroxide.85 Theoretical calculations by Sawaki 
86and by Foote and co-workers87 also supported the cyclic λ5-phosphadioxirane as a sole 
energy minimum, since all attempts to locate acyclic peroxy species (R3P+-O-O-) on the 
singlet potential energy surface led to only λ5-phosphadioxirane.  
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Table 3. 18O-Tracer Study on the Formation of Phenyldiphenylphosphinate 
               from Ph3P and 1O2 (from ref. 84 ) 
 
 
                                reactions                       product                    mass spectra 
                                                                                                  M       M+2      M+4 
                         20 mM Ph3P/ 18O2 a          Ph2P(O)(Oph)       100      11.8       5.9 
observed           20 mM Ph3P/O2 b             Ph2P(O)(Oph)        100      10.5       0.3 
                             differencec                                                   100       1.3        5.6  
 
calculated              retentiond                                                    100       0.5       6.2  
                              scramblee                                                    100       3.6       0.0  
 
The observed values are the means of two determinations. a Oxygen gas: 32O2/34O2/36O2 = 100:0.5:6.2.  
b Control experiment using natural oxygen gas under the same conditions. c Net values for 18O- 
contents. d,e Calculated for M+2 and M+ 4 components according to eqs 12 and 13, respectively. 
 
Tsuji et al.84 have presented kinetic evidence consistent with the formation of an 
electrophilic phosphadioxirane intermediate, structure 2 in scheme 6, in the reaction 
phosphines with singlet oxygen in acetonitrile at 20 ºC.  Gao et al. 88 have shown that the 
reaction of phosphine (1a) with singlet oxygen in methylene chloride at room 
temperature produces both the corresponding phosphine oxide (3) and phosphinate (4).  
Interestingly, it is reported 88 the ratio of the phosphine oxide to phosphinate decreases 
with decreasing phosphine concentration. This observation is explained by phosphine 
oxide (3) formation being a bimolecular reaction between phosphadoxirane (2) and 
phosphine (1a); phosphinate formation is proposed to be a unimolecular rearrangement 
of phosphadoxirane (2). Thus, a decrease in phosphine concentration would slow 
formation of the phosphine oxide (3) more than that of phosphinate (4). 
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                                       Scheme 6 
 
As shown in scheme 6 generation of phosphadioxirane (2) from phosphine (1a) at -80 ºC 
followed by the addition of cis stilbene produces only cis stilbene oxide (5) and the 
corresponding phosphine oxide (3). 89 The fact that only cis stilbene oxide is formed 
suggests that the oxidation proceeds via a nonradical “oxene-like” mechanism. 90 Finally, 
Ho et al.89 have presented NMR data consistent with the formation of a phosphadoxirane 
intermediate (2) in the reaction of singlet oxygen with tris(o-methoxyphenyl)phosphine 
(1a) in methylene chloride at -80 ºC. 
 
Ho et al.89 have also examined the kinetics of phosphadioxirane (2) decomposition in 
CD2Cl2/toluene at -80 ºC and suggest a slow unimolecular decay to triplet oxygen and 
phosphine (1a); subsequent rapid reaction of phosphine (1a) with unreacted 
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phosphadioxirane (2) then yields 2 equivalents of phosphine oxide (3).  No experimental 
evidence for the existence of a triplet intermediate species was noted; such a species 
must however be present, to provide a mechanism for intersystem crossing, 91 to account 
for the formation of triplet oxygen. All of these experimental results are summarized in 
scheme 6. In table 3 is compiled listing of 31P chemical shift of tris(o-
methoxyphenyl)phosphine and its oxygenated derivatives, phosphine oxide, phosphinate 
and phosphadioxirane. 
 
Ho et al.89 examined the effect of phosphine structure on the stability of 
phosphadoxiranes by reacting phosphines (1b-1d) with singlet oxygen at low 
temperatures. Phosphines 1b and 1c reacted with singlet oxygen to form the 
corresponding phosphine oxides (3). However, low temperature NMR could not detect 
the presence of a phosphadoxirane intermediate. Also the presence of an alkene in the 
low temperature reaction media did not result in any epoxide formation from interaction 
of the alkene with an unstable phosphadoxirane. Phosphine 1d quenches singlet oxygen 
without any subsequent reaction. All these results suggest that both steric and electronic 
effects are involved in the stabilization of the phosphadoxirane. The combined steric and 
electronic effect of a through space 2p-3d overlap92 seems particularly suited to stabilize 
phosphadioxirane (2). 
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Table 4. 31P chemical shift (ppm) of tris(o-methoxyphenyl)phosphine 
   and its oxidation products. (from ref.89) 
                                     31Pchemical shift (ppm)  
Temp. 
     
 Solvent 
Phosphine Phosphine 
oxide 
Phosphinate phosphadioxirane 
-800C   1:1 CD2Cl2 
/ Toluene   
-42.1 23.4  -48.3 
-800C   CD2Cl2  25.6 27.4  
Rt 80% CD2Cl2 / 
20% MeOD   
  29.1  
-800C   80% CD2Cl2 
/20% MeOD   
  30.6  
 
 
 
 
2p-3d overlap: To account for the accelerated rates observed in the quaternization of 
tertiary phosphines containing o-methoxyphenyl groups, McEwen et al. have invoked 
the concept of anchimeric acceleration involving overlap of a pair of 2p electrons on the 
methoxy oxygen with a vacant 3d orbital of phosphorus (Figure 17). 93, 94, 95, 96 The 
effect of this overlap is to disperse the developing positive charge on phosphorus, and 
also to lower the energy needed to reach the transition state for quaternization. X-ray 
diffraction of benzyl(2-methoxyphenyl)diphenylphosphonium bromide reveals that the 
P-O distance was substantially shorter than the sum of vander Walls radii of phosphorus 
and oxygen. Moreover, a study of the bond angles calculated from the diffraction data 
indicate that the methoxy oxygen is actually leaning toward the phosphorus. Thus, this 
structural determination provides strong evidence for a weak bonding interaction 
between phosphorus and the oxygen of the neighboring methoxyl group.97 
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               Figure 17. A possible 2p-3d over-lap for the reaction of  
               o-anisyldiphenylphosphine with benzyl chloride. (From Ref. 93) 
 
 
Experimental  
Chemicals: Dodecane, tetradecane, N, N-Bis (salicylidene)-1,2-propanediamine (MCA), 
dicyclohexylphenylphosphine (DCP), diphenyl(2-methoxyphenyl)phosphine, 
triphenylphosphine (TPP), diphenyl(2-pyridyl)phosphine, tris(2,4,6-
trimethylphenyl)phosphine, tris(o-tolyl)phosphine, tris(pentaflurophenyl)phosphine, 
diethyl azodicaroxylate and o-dichlorobenzene were purchased from Aldrich. Butylated 
hydroxy toluene (BHT) was purchased from Research Chemicals Ltd. Tert-butyl 
hydroperoxide solution anhydrous ~ 5.5 M in decane, over molecular sieve 4 Å, was 
purchased from Fluka. Tris(o-methoxyphenyl)phosphine(TMP) was purchased from 
Organometallics, Inc. Chloroform-d with 0.05% v/v TMS was purchased from 
Cambridge Isotope Laboratories, Inc. All compounds were purchased in the highest 
purity available and used as received. However, DCP was recrystallized from methanol. 
The recrystallized DCP has a melting point of   59-61 ºC, and the literature value is 60-
61 ºC. 
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Instruments and parameters 
Uv-Vis spectra were performed on a Varian Cary-3E UV-Visible spectrophotometer. 
0.001 M dicyclohexylphenylphosphine (DCP) in decane solution and 0.001M tris(o-
methoxyphenyl)phosphine(TMP) in dichlorobenzene solution was bubbled with O2 or 
Ar for 15 minutes, then transferred into a cuvette to run the spectra. 
 
31P  NMR: The phosphorus compound was dissolved in  deuterated methylene chloride 
and the solution was transferred into 5 mm NMR tubes. All NMR spectra were 
measured on 300 MHz Bruker.  31P chemical shifts were referenced externally to 
triphenylphosphine in a capillary tube placed into a 5 mm NMR tube.  
 
Gas chromatography (GC) was performed on a Varian 3700 GC with HP 3396A 
Integrator.  Nitrogen and air are the carrier gases while an HP-35 crosslinked 35% 
phenyl methyl silicone column (30 m x 0.53 mm x 1.0 µm film thickness) was used with 
a flame ionization detector. 1 ul of sample was injected into the column and kept at an 
initial temperature 100 ºC for 4 minutes. Then the temperature was raised with the 
program rate of 20 ºC/min, to a final temperature of 250 ºC for 12 minutes. For the 
integrator the threshold is 2 and the attenuation of the integrator was adjusted according 
to the concentration of the phosphine solution, the lower the concentration the smaller 
attenuation.     
 
GC-MS analysis was performed on a Varian 3410 Gas Chromatograph coupled to a 
Varian Saturn II ion trap mass spectrometer. The GC Column was 30m x 0.25mm i.d. 
Supelco Simplicity-5 (PDMS 5% phenyl, 0.25 µm film thickness) which was installed 
in between a 5 m x 0.25 mm i.d. deactivated capillary guard column and a 5 m x 0.25 
mm i.d. deactivated capillary transfer line. The column was kept at initial temperature 
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100 ºC for 3 minutes, followed by a 20 ºC/min temperature ramp to final temperature of 
260 ºC. Then it was held at 260 ºC for 7 minutes. The transfer line was held at 280 ºC 
and the injection port was held at 260 ºC through out separation. The carrier gas was He. 
For electron ionization (EI) the ion trap was operated using electron impact ionization at 
70 eV. The ion trap was run at one scan per second at a temperature of 260 ºC. The mass 
scan range was 50 to 350. An autosampler was used to inject 1ul of sample with an 
injection time of 0.2 minutes. Methylene chloride and methanol were used as washing 
solvents for the syringe with a washing time of 25 seconds.   
 
General procedure for kinetic runs:  Into a 150 mL (14/20) three-neck round-bottom 
flask, was added 30 mL dodecane solution of dicyclohexylphenylphosphine (0.164g, 
0.02 M), N, N-Bis (salicylidene)-1,2-propanediamine as a metal chelating agent (MCA) 
(0.042g, 0.005 M), and butylated hydroxy toluene (BHT) (0.132g, 0.02M) as an 
antioxidant. In addition, were added 0.2 mL tetradecane as internal standard and 1 mL 
o-dichlorobenzene as a cosolvent. The flask was equipped with a reflux condenser on 
the inner neck and fitted with a gas adapter, which is connected to an oil bubbler. Both 
the outer necks were fitted with rubber septa, with a pipette or a dispersion tube inserted 
through one of them to function as an oxygen inlet. The gas flow rate was maintained 
with a flow meter. The entire experimental setup was wrapped in aluminum foil to 
exclude light. The reagent gas was first bubbled into the solution for 10 minutes at room 
temperature prior to taking the first sample. The three-neck flask was then immersed up 
to its neck in an oil bath and rapidly (within minutes) achieved reaction temperature. See 
figure 18a for detailed temperature data.  Subsequent samples were taken at appropriate 
time intervals for quantitative GC analysis.   
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Temperature at measuring position (°C) 
Set 
1* 2* 3* 
Flow rate 
(SCFH) 
160 152 155 0 
160 150 155 0.1 1 
160 147-148 155 0.6 
150 140 145 0 
150 142 145 0.1 2 
150 139 145 0.6 
130 125 125 0 
130 122-123 125 0.1 3 
130 121-122 125 0.6 
 
Figure 18a. Temperature measurements for the reaction system and oil bath at different 
positions. The temperature was taken after 20 minutes of immersion. 
* Numbers show the positions of measurements. 
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The results reported in Figure 18a indicate the temperature will decrease from the 
bottom to the top of the oil bath, also the flow rate of oxygen affects the temperature of 
the reaction system, the higher flow rate decrease the temperature.   
 
Thermodynamic study of dicyclohexylphenylphosphine (DCP) and tris(o-
methoxyphenyl)phosphine (TMP) autoxidation: The kinetic study of 
dicyclohexylphenylphosphine (DCP) autoxidation in dodecane and dichlorobenzene, 
tris(o-methoxyphenyl)phosphine (TMP) in dichlorobenzene in the presence of metal 
chelating agent (MCA) and 1 equivalent of butylated hydroxy toluene (BHT) was 
performed at high temperatures according to previously described procedure. The DCP 
sample was analyzed with gas chromatography. The TMP sample was analyzed with 
GC-MS.  
 
Calculation of reaction rates: The known molarity of the initial 
dicyclohexylphenylphosphine (DCP) solution was assumed to be the mean of the initial 
GC analysis. After time t (minutes), typically between 5 and 10% reaction, the peak area 
ratios (DCP/C14) were determined for 3-4 points and assumed to be the fraction of DCP 
still present.  A percentage of the amount of DCP still remaining was calculated (based 
on peak area ratios) and this percent was multiplied by the original molarity of the 
solution.   The initial rate was derived from the slope of a plot of molar DCP loss as a 
function of time.  Occasionally, an induction period was observed. For rate calculations 
only the linear portion of the plot was used (see appendix for GC plot). 
 
Determination of the pseudo-first order reaction rate constant kobs: At different 
reaction times the corresponding dicyclohexylphenylphosphine (DCP) molarity was 
obtained with GC analysis. The reaction rate law is first order in [DCP] and oxygen. 
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Since oxygen was bubbled through the reaction solution at constant rate during the 
reaction, the oxygen concentration can be assumed as a constant. The psuedo-first order 
reaction rate (kobs) can be obtained as the slope of a plot of ln[DCP] as a function of 
reaction time (seconds). 
  
Diluted and concentrated tris(o-methoxyphenyl)phosphine (TMP) autoxidation: 
Diluted tris(o-methoxyphenyl)phosphine (TMP) (0.003 M) and concentrated TMP (0.04 
M) in dichlorobenzene in presence of metal chelating agent (MCA, 0.005 M) and 1 
equivalent of butylated hydroxy toluene (BHT) reacted with oxygen at 160 ºC. After all 
TMP was oxidized the final sample was checked with GC-MS and 31P NMR to analyze 
the oxidation products. 
  
General reaction procedure for the reaction of phosphines with tert-butyl 
hydroperoxide: Phosphine (0.007 M), MCA (0.335g, 0.0003 M), C14 (2.8 ul) were 
dissolved in 4 mL dodecane followed by bubbling with oxygen for 5 minutes. t-BuOOH 
(80 ul of 0.35 M solution in dodecane) was then added dropwise into the solution. After 
5 minutes the reaction was sampled for GC analysis. 
 
Calculation of the percentage of phosphine consumed after 5 minutes reaction: The 
reaction solution was analyzed by GC. The known molarity of the initial phosphine 
solution was assumed to be the mean of the initial GC analysis. After 5minutes, the peak 
area ratios (phosphine /C14) were determined and assumed to be the fraction of 
phosphine molarity still present.  A percentage of the amount of phosphine consumed is 
obtained by 1 minus the ratio of unconsumed phosphine to initial phosphine. 
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Attempted synthesis of tris(o-methoxyphenyl)phosphinate: Tris(o-
methoxyphenyl)phosphine (0.0117g, 0.05 M) was dissolved in CDCl3 (35 ul) and the 
solution was bubbled with argon for 1minute. Dropwise addition of this solution over 
about 5 minutes to a stirred cooled (0 ºC) solution of dietyl azodicarboxylate (DEAD, 7 
ul) in CDCl3 under an atomosphere of argon resulted in a yellow-orange solution. After 
30 minutes hydrogen peroxide was dropwise added to above solution at 0 ºC. 
Subsequently the solution was transferred to a NMR tube and examined by 31P NMR.  
 
Results and Discussion 
Electron transfer initiated oxygenation (ETIO): As previously discussed the ETIO 
reaction is an oxygenation reaction in which the rate limiting step involves a complete 
electron transfer from the substrate to molecular oxygen forming an electron transfer 
complex as shown in eq 14. 
A  +   O2   +   O2
SET
A A OO          (14) 
 
Based on this definition several experimental facts are expected for an ETIO reaction:  
   • Kinetics－The rate law is first order in substrate and in oxygen: This first-order  
      rate law is due to the fact that the rate limiting step in eq 14 is the electron transfer 
from the substrate to molecular oxygen.  
   • BHT (phenolic antioxidant) can not stop the initiation step of the ETIO reaction:      
      The proposed ETIO reaction involves initial electron transfer complex being formed 
in the solvent cage, followed by  rapid formation of product. During this process, no 
radical or separated radical cation is produced. Therefore, a radical chain reaction is 
not involved and BHT doesn’t affect the initiation step of the ETIO mechanism.  
   • A relationship between substrate oxidation potential and  reaction rate: The rate  
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      limiting step involves an electron transfer from the substrate to molecular oxygen.  
      Substrates with low oxidation potentials can donate an electron more easily.  
      Therefore, it is expected that substrate with low oxidation potentials should exhibit 
more rapid reaction rates.    
 
We have previously proposed that heating at 140 ºC an oxygen saturated dodecane 
solution of dicyclohexylphenylphosphine (DCP) in the presence of BHT results in the 
reaction depicted in scheme 4 (p23). 
 
Several questions arise from the proposed ETIO mechanism: 
Question 1:  What factors determine reaction rate? 
Question 2:  Does O2 + DCP form a molecular association complex? 
Question 3:  Can we obtain experimental evidence of a phosphadioxirane intermediate 
in an ETIO reaction? 
Question 4:  What are the Arrhenius parameters for an ETIO reaction? 
Question 5: What are the thermodynamic activation parameters for an ETIO reaction? 
Question 6:  Why does BHT effect the overall rate of the ETIO reaction?  
 
Question 1:  What factors determine reaction rate? 
As mentioned before, with the ETIO mechanism we are expecting a relationship 
between the oxidation potential of the phosphine and phosphine oxidation rate. 
Phosphines with low oxidation potentials should be more easily oxidized.  Table 5 
contains the reaction rates of several phosphine autoxidations under identical conditions. 
The results show methyldiphenyl phosphine has the highest reaction rate (2.9 x10-5 
mol/L min), methoxyphenyldiphenyl phosphine with the lowest reaction rate (0.8 x10-5 
mol/L min);  the rate  for  dicyclohexylphenylphosphine  (DCP), triphenylphosphine 
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(TPP) and diphenyl(2-pyridyl)phosphine (DNP) are in between. Interestingly, DCP, 
TPP and DNP have roughly the same reaction rate. Owing to the different electronic 
richness for these phosphines the proposed ETIO mechanism would give different 
reaction rates.  
 
Table 5. Reaction Rate of Phosphines with O2 at 140 ºC  
     in dodecane in the presence of BHT and MCA.  
 
 
 
 
Phosphine 
Reaction Rate 
x10-5 (Mol/L min) 
1 PPh
2 
1.1 
2 NPPh2  
1.4 
3 P Ph3 1.2 
4 OMe
PPh2  
0.8 
5 PPh2 Me 2.9 
 
 
In order to further investigate this problem, we chose another phosphine oxidation 
reaction to study the relationship between phosphine structure and reaction rate: 
nucleophilic oxidation of phosphine by a hydroperoxide (eq 15).  
 
ROOH + R3P ROH + R3P O      (15) 
 
Nucleophilic oxidation of phosphine by a hydroperoxide is not an ETIO reaction. 
However, the nucleophilicity of phosphines is expected to be effected by both electronic 
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and steric effects. It was believed the reaction of various phosphines with a 
hydroperoxide would enable us to explore the relationship between electronic and steric 
factors upon reaction rate. A series of phosphines were examined and the results are 
listed in Table 6. As expected, the experimental results indicate both electronic and 
steric factors effect the extent of reaction. For example, phosphine 2 and 6 have similar 
electronic parameters, ( ν~ 2066.1 cm-1 and  ν~ 2066.7 cm-1, respectively), but different 
steric parameters, ( θ~ 155 and  θ~194, respectively). Phosphine 6 with a bigger cone 
angle has a much slower extent of reaction compared with phosphine 2 which has a 
smaller cone angle. This indicates that there is a steric effect on this reaction: the more 
bulky the phosphine the slower reaction rate.  
 
In addition, flow rate affects reaction rate. The experimental results reveal that with a 
pipette the solution is not oxygen saturated, since the reaction rate with a dispersion tube 
at a 0.4 SCFH flow rate is higher than that with a pipette (page 98 plots). With a 
dispersion tube the reaction rate with a 0.4 SCFH flow rate is higher than that with a 0.1 
SCFH flow rate (see plots on pages 99 and100). The reaction rate with a 0.6 SCFH flow 
rate is lower than that with a 0.4 SCFH flow rate. This indicates with a 0.4 SCFH flow 
rate the solution is oxygen saturated, and the lower reaction rate with the 0.6 SCFH flow 
rate is due to the fact that fast bubbling of oxygen can slightly lower the temperature of 
the system, and therefore lower the reaction rate.  
 
Finally, the fact that we observe a first order dependency in phosphine concentration 
suggests that the observed first order oxygen dependency is not due to merely 
limitations in the rates of oxygen delivery. 
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    Table 6. Relative extent reaction in 5 minutes of 0.007 M phosphine with 
           1 equivalent of t-butylhydroperoxide in dodecane at room temperature. 
 
 
Percentage of Phosphines 
consumed  % 
 
 
 
Phosphines 
 
Cone angle 
θa 
Electronic 
parameter 
ν(cm-1)a 
 
BHT 
(1eq.)  
5mins 
 
Average 
NO 
NO 
75.7 
76.0 
 
75.8 
 
1 
 
PPh
2
 
 
162 
 
 
2060.6 
 Yes 
Yes 
73.6 
71.1 
 
72.3 
NO 
NO 
67.3 
70.0 
 
68.6 
 
2 
 
MeO
PPh2
 
 
~155b 
 
 
2066.1 
 
 
Yes 
Yes 
65.6 
65.0 
 
65.3 
NO 
NO 
55.6 
56.7 
 
56.1 
 
3 
 
P Ph3  
 
145 
 
2068.9 
 
 
Yes 
Yes 
51.4 
51.3 
 
51.3 
NO 
NO 
50.0 
46.1 
 
48.0 
 
4 
 
N
PPh2  
 
~145b 
 
~2070b 
 
 
Yes 
Yes 
42.2 
45.8 
 
44.0 
NO 
NO 
12.1 
18.5 
 
15.3 
 
5 P
3 
 
212 
 
2064.2 
Yes 
Yes 
12.4 
15.5 
 
13.9 
NO 
NO 
11.6 
9.92 
 
10.9 
 
6 P
3 
 
194 
 
2066.7 
Yes 
Yes 
7.93 
7.02 
 
7.47 
NO 
NO 
3.03 
3.81 
 
3.42 
 
7 P
F5 3 
 
184 
 
2090.9 
 
Yes 
 
3.30 
 
3.30 
a. θ,  ν values are cited from or calculated according to ref78. 
b. Estimated value 
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Question 2:  Does O2 + dicyclohexylphenyl phosphine (DCP) form a molecular 
association complex? 
A molecular association complex has been proposed as an intermediate for other 
electron transfer reactions.33 Therefore, it is necessary to check whether 
dicyclohexylphenyl phosphine (DCP) and oxygen can form a similar molecular complex 
at room temperature. UV-Vis spectra of DCP in dodecane solution saturated with Ar and 
O2 indicate there is no absorbance difference between these two solutions. Therefore, no 
molecular association complex is formed between O2 and DCP at room temperature 
(Figure 18 and 19). Similar results are also observed for another phosphine, tris(o-
methoxyphenyl)phosphine (TMP), in dichlorobenzene solution. (Figure 20 and 21). 
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 Figure 18. UV-Vis spectrum of dicyclohexylphenylphosphine (DCP) / decane  
solution saturated with Ar. 
 
 
 
Figure 19. UV-Vis spectrum of dicyclohexylphenylphosphine (DCP) / decane  
solution saturated with O2. 
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 Figure 20. UV-Vis spectrum of tris(o-methoxyphenyl)phosphine ( TMP)/ 
dichlorobenzene solution saturated with Ar. 
 
 
Figure 21. UV-Vis spectrum of tris(o-methoxyphenyl)phosphine ( TMP)/ 
dichlorobenzene solution saturated with O2. 
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Question 3:  Can we obtain experimental evidence of a phosphadioxirane intermediate 
in an ETIO reaction? 
A phosphadioxirane has been proposed as being an intermediate, structure 2 in scheme 6, 
in the reaction of phosphines with singlet oxygen. Phosphadioxirane (2) decomposes in 
CD2Cl2/toluene at -80 ºC via a slow unimolecular decay to triplet oxygen and phosphine 
(1a). Applying the principle of microscopic reversibility to scheme 6 implicates the 
formation of phosphadioxirane (2) in the thermal reaction of triplet oxygen with 
phosphine (1a). To test this hypothesis we have examined the reaction of phosphine (1a) 
with triplet oxygen in dichlorobenzene at 160 ºC in the presence of BHT (eq 16). GC-
MS results show for diluted tris(o-methoxyphenyl)phosphine (TMP) two oxidation 
products were formed. However these two peaks overlapped probably due to very 
similar molecular structure and polarity. The left peak with a molecular ion peak of 368 
corresponds to phosphine oxide TMPO (Figure 22), while the right peak with molecular 
ion peak of 385 corresponds to phosphinate TMPOO (Figure 23). GC-MS results with a 
concentrated TMP autoxidation indicates TMPO is the major product (Figure 24).  
 
MeO
P
MeO
P O
MeO
P
O OMe
O
3
+   O2  dichlorobenzene 3 2
+
160 0C
    (16) 
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Figure 22. GC-MS of diluted tris(o-methoxyphenyl)phosphine ( TMP)/dichlorobenzene 
autoxidation at high temperature in presence of BHT, MCA. 
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Figure 23. GC-MS of diluted tris(o-methoxyphenyl)phosphine (TMP)/dichlorobenzene 
autoxidation at high temperature in presence of BHT, MCA. 
 
 
 
 67 
  
 
 
Figure 24. GC-MS of concentrated tris(o-methoxyphenyl)phosphine( TMP)/dichlorobenzene 
autoxidation at high temperature in presence of BHT, MCA. 
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The reaction of tris(o-methoxyphenyl)phosphine (TMP) with triplet oxygen in 
dichlorobenzene at 160 ºC in the presence of BHT was also checked with 31P NMR, and 
similar results were obtained. For the diluted TMP autoxidation 31P NMR shows two 
new peaks corresponding to the oxidation products, phosphine oxide (TMPO) with 
chemical shift δ= 25.68 ppm and phosphinate (TMPOO) with chemical shift δ= 30.65 
ppm. TMPO is the major product (Figure 25). While for the concentrated TMP 
autoxidation 31P NMR shows only one new peak corresponding to TMPO with chemical 
shift δ= 25.98 ppm (Figure 26). The chemical shifts of TMPO and TMPOO correspond 
to Ho’s work (table 3).  
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Figure 25. 31P NMR of diluted tris(o-methoxyphenyl)phosphine ( TMP)/ 
dichlorobenzene autoxidation at high temperature in presence of BHT, MCA. 
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Figure 26. 31P NMR of concentrated tris(o-methoxyphenyl)phosphine ( TMP)/ 
dichlorobenzene autoxidation at high temperature in presence of BHT, MCA. 
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The GC-MS and 31P NMR results indicate that for the autoxidation of tris(o-
methoxyphenyl)phosphine (TMP) at high temperature the corresponding phosphine 
oxide is the major product with a minor amount of phosphinate also being formed. In 
addition, we have found the ratio of phosphine oxide to phosphinate decreases with a 
decrease in TMP concentration as previously mentioned in the singlet oxygen reaction.89 
All of these results are consistent with the formation of a phosphadioxirane in the 
reaction of both singlet and triplet oxygen with TMP.  
 
In scheme 7 two new charge transfer intermediates, 1[CT] and 3[CT], have been added in 
order to account for the intersystem crossing required in scheme 6. In addition, the 
proposed intermediates in scheme 7 are drawn such as to reflect their relative energy 
content. For instance, singlet oxygen has an energy content 22.5 kcal/mol higher than 
triplet oxygen. This fact is reflected in scheme 7 by situating singlet oxygen and 
phosphine (1) higher than triplet oxygen and phosphine (1). It is also known that 
phosphadioxirane (2) is rapidly formed at low temperature with singlet oxygen.89 Thus, 
a minimal energy barrier exists in the conversion of phosphine (1) and singlet oxygen 
into phosphadioxirane (2). The charge transfer complexes are shown as being slightly 
higher in energy than (2) since only (2) can be observed in the previously described low 
temperature NMR study.89 
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C TC T1O2
P
O O
Ar3P
P
O
OP
O
+   Ar3P
(1)
(2)
(3) (4)
+
1 3
+  3O2
(1)
 
 
Scheme 7 
 
The relative energetics reflected in scheme 7 are derived from experimentally observed 
reactions. Reconciling these reactions to theoretical considerations is problematic since 
most apparent single electron transfers involving neutral organic molecules and oxygen 
are endothermic.98   However, many examples exist in the literature of endothermic 
electron transfer reactions that are theoretically difficult to explain. 99  Perrin 51 has 
proposed a theoretical description for endothermic electron transfers. In this model only 
partial electron transfer occurs thus negating the formation of high energy full electron 
transfer intermediates. It is proposed that with large organic molecules, such as 
phosphines, partial electron transfer suffices to promote subsequent chemical reactions.  
Such an approach is proposed in scheme 7 with formation of triplet and singlet charge 
transfer complexes initiating subsequent chemical transformations. 
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 Phosphinate synthesis: In order to confirm that a phosphinate is formed in the 
autoxidation of tris(o-methoxyphenyl)phosphine (TMP), we attempted to synthesize the 
phosphinate, TMPOO. As shown in scheme 8, phosphinate TMPOO was synthesized 
according to Jenkins’ work. 100,101 Treatment of TMP with diethyl azodicarbooxylate and 
hydrogen peroxide results in a mixture of phosphine oxide and phosphinate, with a 
phosphadioxirane suggested as the intermediate. The rearrangement of the 
phosphadioxirane provides phosphinate. The phosphine oxide formed during the 
reaction is presumably the result of a side reaction of the phosphadioxirane and diethyl 
hydrazinedicarboxylate, to regenerate the azo-compound. 
 
R3P + EtO2C-N=N-CO2Et R3P N N CO2Et
CO2Et H2O2
R3P N
CO2Et
NHCO2Et
OOH
R3P
N
H
N CO2Et
CO2Et
O OH
N
H
N CO2Et
CO2Et
R3P
O O
H
N N
H
CO2EtEtO2C
O
PR3
O PR3
O
R2P
O
OR
R3P
O OH
+
R=(o-MePh)
 
             Scheme 8.  Synthesis of phosphinate. 
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31P NMR shows that the attempted synthesis product is a mixture of phosphine oxide 
and phosphinate with phosphinate being the major product; TMPO chemical shift δ= 
26.16 ppm, TMPOO  chemical shift δ= 29.81 ppm ( Figure 27). 
 
The chemical shift difference between different experiments is probably due to a solvent 
effect. Different solvents have different polarity, and therefore have different effects on 
the electronic environment of phosphorus. The chemical shift of phosphorus will vary 
with different electronic surrounding. Ho’s work89 shows a similar solvent effect and 
also suggests temperature influences the phosphorus chemical shift.    
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 Figure 27. 31P NMR of attempted synthesis of TMP phosphinate. 
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Question 4:  What are the Arrhenius parameters for these ETIO reactions? 
Steve Zabarnick102 (USAF) has done preliminary calculations which suggest that ETIO 
reaction for triphenylphosphine (TPP) in dodecane has Ea >40 kcal/mol (eq 17).  
 
                                                                                                 (17) + O Ph O+Ph3P 2 3P 2
 
In order to compare with Zabarnick’s calculation we have checked the Arrhenius 
parameters of phosphine autoxidation at high temperatures in the presence of BHT and 
MCA. The activation energy (Ea) is obtained with the Arrhenius equation (eq 18). 
RTEa
obs Aek
/−=   (18) 
Ea is the minimum kinetic energy necessary for reactants to form products. The fraction 
of collisions with a kinetic energy in excess of energy Ea is given by the Boltzmann 
distribution as e-Ea/RT. The exponential factor in eq 18 can be interpreted as the fraction 
of collisions that have enough energy to lead to the reaction. The pre-exponential factor, 
A, is a measure of the rate at which collisions occur irrespective of their energy. 
Therefore, the products of A and the exponential factor, e-Ea/RT, gives the rate of 
successful collisions. Taking natural log of eq 18 we can obtain eq 19.  
A
RT
Eakobs lnln +−=      (19) 
Ea can be obtained from the slope of the plot of lnkobs against 1/T. With our 
experimental results we obtained Ea ≈21.0 kcal/mol for DCP in dodecane solution (with 
pipette Ea= 17.8 kcal/mol, pages 102-108 for plots of k and Ea; with dispersion tube 
Ea=24.0  kcal/mol, pages 109-112 for plots of k and Ea); for DCP in dichlorobenzene 
solution preliminary data of Ea= 13.8 kcal/mol (pages 113 and 114 for plots of k and Ea) 
and TMP in dichlorobenzene solution preliminary data of Ea= 12.6 kcal/mol (page 114 
for plots of k). Therefore, the Ea’s in our experiments are so low, less than 25 kcal/mol, 
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that complete electron transfer is unlikely. Therefore, we are going to have to revise the 
definition of Electron Transfer Initiated Oxygenation (ETIO) for phosphines. 
 
Revised definition for the electron transfer initiated oxygenation (ETIO) reavtion: 
An ETIO reaction is an oxygenation reaction in which the rate limiting step involves a 
partial electron transfer from the substrate to molecular oxygen, followed by 
intersystem crossing and product formation (eq 20). 
 
A     O2 A     O2 A OOA  +   O2
partial electron
transfer
3 1intersystem
crossing
δδ δδ
   (20) 
 
In table 7 is a compilation of Arrhenius parameters (Ea, lnA) for 
dicyclohexylphenylphosphine (DCP) autoxidation in dodecane while Table 8 is the 
same reaction in dichlorobenzene. Comparing the results we can see a solvent effect on 
these parameters. For reaction in the more polar solvent (dichlorobenzene), the Ea is 
lower than that in the non-polar solvent (dodecane). This is consistent with charge being 
built up in the transition state within the solvent cage; a polar solvent can stabilize this 
transition state and therefore lower the Ea. The pre-exponential factor, A, is a measure 
of the rate at which collisions occur irrespective of their energy. The lnA for DCP in 
dodecane is higher than that in dichlorobenzene. Presumably, DCP is more effectively 
solvated in polar solvent than in non-polar solvent, therefore surrounded by more 
solvent molecules. This may hinder the collisions between the phosphorus and oxygen 
atoms, thus lower the lnA value. The overall polar solvent effect for this reaction system 
is to increase of the reaction rate constant kobs.   
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Phosphine substituent effects on the Arrhenius parameters of the reaction in 
dichlorobenzene are relatively small. Comparing Table 8 and 9, Ea value for tris(o-
methoxyphenyl)phosphine (TMP) (Ea 12.6 kcal/mol) is a little lower than that of 
dicyclohexylphenylphosphine (DCP) (Ea 13.8 kcal/mol). Presumably, this is because 
the more electron rich TMP can facilitate the partial charge transfer process for the 
transition state. Presumably, the 2p-3d overlap between 2p electrons on the methoxy 
oxygen and a vacant 3d orbital of phosphorus can stabilize the developing positive 
charge on phosphorus in the transition state, and therefore lower the activation energy 
Ea. However, the lnA value for TMP is lower than that of DCP, which can be explained 
by the fact that the collision rate between phosphorus and oxygen atoms for bulky TMP 
should be lower than that for DCP due to the steric effect. The overall o-methoxy 
substituent effect is to decrease of the reaction rate constant kobs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 79 
Table 7. Arrhenius parameters of dicyclohexylphenylphosphine (DCP) 
   autoxidation in dodecane in the presence of BHT and MCA. 
 
Phosphine T 
(K) 
K 
(s-1 x10-5) 
Ea 
(kcal/mol) 
lnA 
 
 
DCP 
393 
403 
413 
423 
433 
0.49 
0.87 
1.03 
2.02 
4.37 
 
 
 
 
  17.8 
 
 
 
 
10.5 
 
Table 8. Arrhenius parameters of dicyclohexylphenylphosphine (DCP) 
 autoxidation in dichlorobenzene in the presence of BHT and MCA. 
 
Phosphine T 
(K) 
K 
(s-1 x10-5) 
Ea 
(kcal/mol) 
lnA 
 
 
DCP 
393 
 
413 
 
433 
1.83 
 
4.89 
 
9.11 
 
 
 
 
  13.8 
 
 
 
 
  6.73 
 
Table 9. Arrhenius parameters of tris(o-methoxyphenyl)phosphine ( TMP)  
autoxidation in dichlorobenzene in the presence of BHT and MCA. 
 
Phosphine T 
(K) 
K 
(s-1 x10-5) 
Ea 
(kcal/mol) 
lnA 
 
TMP 
393 
 
433 
1.04 
 
4.61 
 
 
12.6 
 
 
4.66 
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Question 5: What are the activation parameters for an ETIO reaction? 
Use of transition state theory,103,104 along with the assumption that kobs is primarily 
determined by eq 20, allows an analysis of activation parameters for the reaction. 
Activation free energy ∆G* (eq 22) and activation entropy ∆S* (eq 24) are derived from 
the Eyring equation (eq 21). Activation enthalpy ∆H* can be obtained with eq 23. These 
activation parameters for phosphine autoxidation are listed in tables 10, 11 and 12.  
 
RTG
obs eh
kTk /
∗∆−=        (21) 
                
Solving, 
              
( )22)lnln(ln
lnln
obs
obs
kT
h
kRTG
RT
G
h
kTk
−+=∆
∆−=
∗
∗
                                         
Since, 
               ( )
( )24)ln1(ln
23
h
kR
T
kR
T
EaS
RTEa
STG
obs +−+=∆
−=∆Η
∆−∆Η=∆
∗
∗
∗∗∗
 
 
kobs   Observed reaction rate constant 
k       Boltzmann  constant         1.38x10-23JK-1 
h        Plank Constant                  6.63x10-34 Js 
R        Gas Constant                     8.31JK-1mol-1 
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  Table 10. Activation parameters of dicyclohexylphenylphosphine (DCP) 
                 autoxidation in dodecane in the presence of BHT and MCA. 
 
Phosphine T 
(K) 
k 
(s-1 x10-5) 
Ea 
(kcal/mol) 
∆G* 
(kcal/mol) 
∆H* 
(kcal/mol) 
∆S* 
(cal/mol) 
 
 
DCP 
393 
403 
413 
423 
433 
0.491 
0.875 
1.03 
2.02 
4.37 
 
 
 
 
17.8 
 
 
 
 
34.3 
 
 
 
 
16.8 
 
 
 
 
-40.3 
 
 
Table 11. Activation parameters of dicyclohexylphenylphosphine (DCP)  
autoxidation in dichlorobenzene in the presence of BHT and MCA. 
 
Phosphine T 
(K) 
k 
(s-1 x10-5) 
Ea 
(kcal/mol) 
∆G* 
(kcal/mol) 
∆H* 
(kcal/mol) 
∆S* 
(cal/mol) 
 
 
DCP 
393 
 
413 
 
433 
1.83 
 
4.89 
 
9.11 
 
 
 
 
13.8 
 
 
 
 
33.7 
 
 
 
 
12.9 
 
 
 
 
-47.9 
 
Table 12. Activation parameters of tris(o-methoxyphenyl)phosphine ( TMP) 
autoxidation in dichlorobenzene in the presence of BHT and MCA. 
 
Phosphine T 
(K) 
k 
(s-1 x10-5) 
Ea 
(kcal/mol) 
∆G* 
(kcal/mol) 
∆H* 
(kcal/mol) 
∆S* 
(cal/mol) 
 
TMP 
393 
 
433 
1.04 
 
4.61 
 
 
12.6 
 
 
34.2 
 
 
11.7 
 
 
-51.9 
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 There is a relatively big difference between the activation entropy for DCP in dodecane 
and in dichlorobenzene. ∆S* is more negative (-47.9 cal/mol) in the polar solvent than in 
the non-polar solvent (-40.3 cal/mol). Presumably, this is due to partial charge 
development in the transition state which results in ordering the polar solvent. In 
addition, there is a greater degree of solvation of the charged transition state in the polar 
solvent, and this factor can explain the lower activation enthalpy ∆H* for this reaction in 
the polar solvent. 
 
Most interestingly, the ∆S* for TMP in dichlorobenzene is more negative than that for 
DCP. McEwen and Lau90 have suggested that operation of a through space 2p-3d 
overlap effect in transition state is reflected by a less order transition state (i.e. more 
positive ∆S*). Thus, the observed enhanced ordering in the transition state in TMP 
verses DCP can be explained by the overlap effect being inefficient. The overlap effect 
does occur and is evident in the lowering of ∆H* in TMP verses DCP. However, the 
overlap effect is inefficient in the sense that no solvent is released from the transition 
state by operation of a through space effect. Hence, the transition state is more ordered 
relative to the DCP case.  
 
Question 6:  Why does BHT effect the overall rate of the ETIO reaction?  
At 150 ºC a 0.02 M solution of dicyclohexylphenylphosphine (DCP) in an oxygen 
saturated dodecane or dichlorobenzene system is totally oxidized in 1 hour or less. 
However the same conditions, except for the presence of 1 equivalent of BHT (or 
greater), require 4 hours of heating to observe a 10% loss in phosphine concentration. 
Mass balance for the oxidation suggests the major phosphine oxidation product is the 
corresponding phosphine oxide.  
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In the presence of BHT, there is no reaction that can be detected at relatively low 
temperatures ~90 ºC. In the absence of BHT, the reaction of DCP with oxygen in 1,2-
dichlorobenzene has proven to be difficult to study. At 70 ºC and 90 ºC (expt. 3-6 and 
expt. 9-12, Table 13; related plots of reaction rate see pages 115-117), the reaction rate 
law for DCP autoxidation is approximately first order in DCP and in oxygen (eq 25). 
R= k[DCP][O2]                     (25) 
 
The remaining 15 runs show that this reaction is very difficult to reproduce. We have 
examined the purity of all reagents, MCA, tetradecane, dichlorobenzene, and concluded 
this was not a factor in influencing rates. Since we can obtain good reproducible GC 
results for DCP autoxidation in presence of BHT, we conclude the GC has problems 
when lots of phosphine oxide is generated quickly. Future work should develop a 
different method for examining this reaction.  
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Table 13. dicyclohexylphenylphosphine (DCP) autoxidation 
in dichlorobenzene in absence of BHT at 90 ºC. 
 
Date of 
Exp. 
Exp 
# 
%O2 BHT 
(1 eq.) 
[DCP] 
 
Temp. 
0C 
Rate (mol/L/min) 
  x 10-5 
MCA 
4/12/04 1 50 No 0.02 70 No rxn after 3.5 hrs.  
4/19/04 2 50 No 0.02 110 30% DCP reacted 
after 30 minutes 
 
7/23/04 3 50 No 0.02 90 3.36  
7/28/04 4 50 No 0.01 90 1.80  
7/30/04 5 100 No 0.02 90 6.46  
7/28/04 6 100 No 0.01 90 2.26  
8/3/04 7 100 Yes 0.02 90 0.783  
8/6/04 8 100 Yes 0.01 90 No rxn after 5 hrs.  
5/23/04 9 100 No 0.02 70 2.13, 2.50  
5/14/04 10 100 No 0.01 70 0.911, 1.10  
6/17/04 11 50 No 0.01 70 0.554, 0.483  
6/11/04 12 50 No 0.02 70 1.70, 1.67   
3/21/05 13 100 No 0.02 90 7.00  
3/29/05 14 100 No 0.02 90 5.00  
2/25/05 15 100 No 0.02 90 7.80 no MCA    
10/18/04 16 100 No 0.02 90 10.8        
3/25/05 17 100 No 0.02 70 9.50  
1/18/05 18 100 No 0.02 50 37.6  
1/19/05 19 100 No 0.01 50 16.9  
4/1/05 20 100 No 0.01 90 16.5 no MCA 
4/4/05 21 100 No 0.01 90 16.5 no MCA 
4/5/05 22 100 No 0.0075 90 11.1  
4/11/05 23 100 No 0.0075 70 18.8  
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To explain our observations we propose that there are at least two different ETIO 
mechanisms; a chain mechanism and a non-chain mechanism which operate 
concurrently (scheme 9). Only the chain mechanism is inhibited by BHT. The 
distinctive step in our work involves rate-limiting partial charge transfer from phosphine 
to oxygen. 
 
Both ETIO mechanisms are proposed to begin with the rate limiting formation of a 
triplet partial charge transfer complex followed by subsequent intersystem crossing to a 
singlet partial charge transfer complex followed by formation of a phosphadioxirane. 
The phosphadioxirane then proceeds either with a non-radical chain pathway (A) or a 
radical chain pathway (B). In non-radical chain pathway (A), reduction of this 
intermediate by unreacted phosphine yields DCPO, and with rearrangement of the 
phosphadioxirane, a phosphinate can be produced. 
 
Alternatively, with radical chain reaction pathway (B), the weak O-O bond in the 
phosphadioxirane breaks to provide a diradical (structure (1), Scheme 9). This diradical 
reacts with another phosphine by single electron transfer (SET) to provide a phosphine 
radical cation and a radical anion. The phosphine radical cation reacts with O2 to yield 
an oxygenated phosphinium radical cation, which is proposed to be a potent one-
electron oxidant. Thus, SET occurs between this oxidant and another phosphine to set 
up chain propagation. Alternatively, oxygen atom transfer can occur, followed by SET 
to provide phosphine oxide and phosphine radical cation for chain propagation.  
 
Presumably, at low temperatures ~90 ºC, the initiation step in the ETIO mechanism is so 
slow that the reaction can only be detected with the radical chain pathway. In the 
presence of BHT the radical chain was effectively inhibited by BHT, thus no reaction 
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was detected. In the absence of BHT at temperature ≤ 90 ºC, the radical chain reaction is 
slow enough that the reaction rate can be measured accurately. The tentative rate law we 
have observed can be explained by the ETIO mechanism we proposed. The rate limiting 
step for the ETIO mechanism is the partial charge transfer from DCP to O2, therefore, 
the reaction rate should be first order in DCP and in oxygen.  
 
At higher temperatures (>110 ºC), the non-radical pathway A can proceed fast enough 
that it can be effectively measured. Therefore, in the presence of BHT the observed first 
order reaction rate law is the result of non-radical chain pathway. In the absence of BHT, 
the two reactions occur concurrently and the radical pathway B is the major pathway. 
The reaction is so fast that all phosphine is rapidly consumed. 
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Scheme 9. ETIO mechanism of phosphine autoxidation at high temperature. 
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Conclusions 
1. Phosphines are surprisingly thermally reactive with 3O2. We have measured the Ea ≈ 
21.0 kcal/mol for dicyclohexylphenylphosphine (DCP) in a dodecane solution. This Ea 
value is even smaller than the excitation energy of triplet oxygen to singlet oxygen of 
22.5 kcal/mol.  
 
2. We propose that complete SET is not necessary for ETIO. This conclusion is based 
upon our experimental Ea ~21.0 kcal/mol being much lower than Zabarnick’s102 
calculated Ea> 40 kcal/mol for complete electron transfer.   
 
3. We have obtained experimental evidence consistent with similar intermediates being 
generated thermally and photochemically in the reaction of tris(o-
methoxyphenyl)phosphine ( TMP) with O2 (TMP phosphadioxirane existence). Selke’s 
work indicates that phosphadioxirane is the intermediate for photooxidation of TMP. At 
low TMP concentration phosphadioxirane mainly provide phosphinate with a 
unimolecular rearrangement. At high TMP concentration phosphadioxirane mainly react 
with another unreacted phosphine to provide phosphine oxide. For high temperature 
phosphine autoxidation, similar trends are observed for TMP with different 
concentrations. Concentrated TMP autoxidation provides mainly phosphine oxide, and 
diluted TMP solution provide a mixture of phosphine oxide and phosphinate. 
 
4. We have now developed a reasonably good mechanistic understanding of high 
temperature phosphine autoxidation. The high temperature ETIO reaction of a 
phosphine and oxygen start with the rate limiting formation of a triplet partial charge 
transfer complex followed by subsequent intersystem crossing to a singlet partial charge 
transfer complex followed by formation of a phosphadioxirane. With a non-radical chain 
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reaction phosphadioxirane either react with another phosphine to provide phosphine 
oxide, or with rearrangement to provide phosphinate. We also propose that 
phosphadioxirane can initiate a radical chain reaction and form phosphine oxide. BHT 
can effectively inhibit the radical chain reaction.  
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 Reaction rate constant of 0.02M DCP in C12 +O2, 
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Reaction rate constant of 0.02M DCP in C12 +O2, 
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          The reaction rate constant k of DCP autoxidation in C12, BHT 
 
lnk  
T(K) 1 2 3 Average STDEV 
90% 
Confidence 
393.15 -12.1 -12.4 -12 -12.2 0.21 0.015 
403.15 -11.7 -11.5 -11.7 -11.6 0.11 0.0084 
413.15 -11.5 -11.5 -11.4 -11.5 0.058 0.0042 
423.15 -10.8 -10.9 -10.7 -10.8 0.1 0.0072 
433.15 -10.1 -9.97 -10.1 -10.0 0.075 0.0054 
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Ea= 17.7 kcal/mol 
 
 
 
 
 
 
 
 
 
 
 
 108 
                                                                                                                                               
 
 
Reaction rate of 0.02M DCP, O2,w ith BHT and MCA, 
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Ea= 17.8 kcal/mol 
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Reaction rate constant at 1200C,0.02M DCP, O2, w ith BHT, 
MCA, dispersion tube, f low  rate 0.4 SCFH
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Reaction rate constant at 1200C,0.02M DCP, O2, with 
BHT, MCA, dispersion tube, flow rate 0.4 SCFH
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Reaction rate constant at 1200C,0.02M DCP, O2, w ith BHT, 
MCA, dispersion tube, f low  rate 0.4 SCFH
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Reaction rate constant at 1300C,0.02M DCP, O2, with 
BHT, MCA, dispersion tube, flow rate 0.4 SCFH
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Reaction rate constant at 1300C,0.02M DCP, O2, with 
BHT, MCA, dispersion tube, flow rate 0.4 SCFH
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Reaction rate constant at 1300C,0.02M DCP, O2, with 
BHT, MCA, dispersion tube, flow rate 0.4 SCFH
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Reaction rate constant at 1400C,0.02M DCP, O2, with 
BHT, MCA, dispersion tube, flow rate 0.4 SCFH
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Reaction rate constant at 1400C,0.02M DCP, O2, with 
BHT, MCA, dispersion tube, flow rate 0.4 SCFH
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Reaction rate constant at 1400C,0.02M DCP, O2, with 
BHT, MCA, dispersion tube, flow rate 0.4 SCFH
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  The reaction rate constant k of DCP autoxidation in C12, BHT, 
with dispersion tube at flow rate of 0.4 SCFH 
 
lnk  
T(K) 1 2 3 Average STDEV 
90% 
Confidence 
393.15 -11.7 -11.78 -11.74 -11.74 0.0400 0.00290 
403.15 -10.72 -10.8 -10.62 -10.71 0.0900 0.00653 
413.15 -10.26 -10.29 -10.22 -10.26 0.0351 0.00255 
 
 
 
Activation energy of DCP autooxidation in C12 with
dispersion tube at 0.4 SCFH
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Ea= 24.0 kcal/mol 
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Reaction rate constant of 0.02 M DCP in C6H4Cl2 +O2, 
BHT, MCA, 1200C
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Reaction rate constant of 0.02M DCP in C6H4Cl2 + O2, 
BHT, MCA,1400C
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Reaction rate constant of 0.02M DCP in C6H4Cl2 +O2, 
BHT, MCA,1600C 
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Activation energy of DCP in C6H4Cl2
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Ea=13.8 kcal/mol 
 
 
 
 
 
Reaction rate constant of 0.02M TMP in C6H4Cl2 +O2, 
BHT, MCA, 1200C 
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0.02M TMP in C6H4Cl2 +O2, BHT, 1600C
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 Ea= 12.6 kcal/mol 
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Following plots are reaction rate plot for DCP autooxidation: 
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0.02M DCP in C6H4Cl2, 100% O2, No BHT, 70
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0.01M DCP in C6H4Cl2, 100%O2, No BHT, 90
0C
y = -2.26E-05x + 1.06E-02
R2 = 9.88E-01
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0.02M DCP in C6H4Cl2, 100%O2, No BHT, 90
0C
y = -6.46E-05x + 1.97E-02
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0.02M DCP with 3eq BHT in C12+O2, 140
0C
y = -1.49E-05x + 2.00E-02
R2 = 9.71E-01
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0.01M DCP in C12 +O2, BHT, 140
0C
y = -5.45E-04x + 1.00E+00
R2 = 9.98E-01
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0.02M DCP in C12, O2, BHT, 140
0C
y = -1.16E-05x + 1.99E-02
R2 = 9.95E-01
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0.04M DCP in C12, O2, BHT, 140
0C
y = -2.98E-05x + 4.00E-02
R2 = 9.99E-01
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0.02M DCP in C12, Air, BHT, 140
0C
y = -3.15E-06x + 2.00E-02
R2 = 9.53E-01
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0.02M DCP in C12, Air, BHT, 140
0C
y = -2.20E-06x + 2.00E-02
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